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Abstract
High density polyethylene is one of the most widely used polymeric mateirals in the 
world. Due to simple fabrication method, cost effectiveness, recyclability and 
versatility of high density polyethylene(HDPE) , it is used as a structural material, gas 
and water(clean and sewage) pipes, food containers and tubs, pallets and crates, liquid 
food containers, fuel tanks and larger volume drums, grocery, garbage and deep-freeze 
bags. The challenging issues raised with use of pure polyethylene attributed to loss of 
mechanical performance in high operating temperature/pressure, poor self healing 
ability, low crack initiation/propogation resistance and poor mechanical strength 
necessary for hightech applications. So, to overcome these challenges, fabricating of 
HDPE based composite have been proposed. Among all fillers, carbon 
nanotube(CNT) has been choosed due to outstanding mechanical and physical 
performance. There are an opportunities to functionalize carbon nanotube to prevent 
agglomeration in a matrix and achieve a excellent interfacial bonding with 
polyethylene. Among all polymers and functional groups for functionalization of CNT 
to enhance its surface property, Polyacrylonitrile(PAN) has gained lots of interest due 
to its excellent mechanical, structural and physical properties. Also, it is provided the 
highest amount of carbon after carbonisation process. By fabricating surface modified 
CNT through periodically patterning of PAN, covalent bonding between CNT and 
carbon nano-particles (originated from PAN) will be formed. Selective localization of 
CNT provide huge opportunity to use this filler for different applications like 
polymeric composite, high-tech carbon fiber for specific applications and also medical 
applications. It can  be concluded that the periodical patterning of the PAN on CNT 
exhibits a new type of nanoscale architecture. This can be considered as one of the 
VII
functionalization approaches to achieve periodically carbon nano-patterning on CNTs. 
This new type of nanomaterials can be utilised as a reinforcement for different 
applications in polymer based composites . The use of this nanomaterial instead of 
pure CNT resulted in no agglomeration on matrix and better interfacial bonding with 
HDPE due to formation of 3D structure on the surface of CNT and making a barrier 
in attaching together. This idea is used in this work to modify the surface of CNT. The 
mechanism of this approach is based on the attraction of polymer chains to each other 
and fabrication of a long-range three-dimensional order to form a solid mass . Both 
heat treatment and solvent evaporation are controlled the crystallisation process in 
CNT/PAN system. Using shear forces on nanohybrid filler/polymer composite 
solutions lead to a synergistic effect on promoting direct crystallisation as a result of 
the changes in stress level and polymer chain’s orientation surrounding the nano 
particles. It is believed that the periodical patterning of the PAN on CNT exhibits a 
new type of nanoscale architecture. This new type of nanomaterial can be utilised as 
a reinforcement for different applications in polymer based composites . HDPE based 
composite that reinforced with cheetah skin CNT showed higher mechanical 
performance (E modulus and Tensile strength) compare to HDPE-Pristine CNT due 
to better bonding with matrix and thanks to no agglomeration. Storage modulus and 
loss modulus of HDPE/cheetah skin CNT improved significantly at low temperatures 
even with very low content of cheetah skin CNT. Also, the thermal stability of the 
cheetah skin CNT/HDPE was found to be significantly higher than that of pristine 
CNT/HDPE composite in both isothermal and non-isothermal degradation performed 
for composites. 
Keywords: Polyethylene; carbon nanotube; composite; periodical patterning. 
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Introduction 
I. Overview 
The search for new advanced materials is a substantial field of academic research to 
fulfil the material performance’s requirements needed for high-tech applications. 
Composite materials that consist of at least two main phases including matrix and filler 
gains lots of interest in academia and industries due to feasibility of the production, 
ease of change in performance, lightweightness and cost effectiveness when compared 
to pure materials. By combining inherent ductility and toughness of a polymeric matrix 
with high stiffness and high specific strength materials, such as ceramic filaments, 
carbon fibers or carbon nanotubes, it is possible to fabricate composite materials that 
can overcome performance issues with potential applications in medicine, automotive, 
structural and aerospace applications [1-6]. Carbon nanotubes known for their 
excellent geometrical, mechanical and physical characteristics have already been used 
as a filler and reinforcement in several polymer based composites[7, 8]. The excellent 
elastic modulus(about 1TPa) and strength(200GPa) of CNTs can potentially lead to  
development of a  new class of polymer based composites with enhanced mechanical 
performance[9]. However, the mechanical performance to date is still a challenging 
issue in the fabrication of different CNT-polymer composites for various systems such 
as HDPE based composites. Mechanical property enhancement in nanocomposite 
materials has a great interrelationship with the formation of strong bonding in 
polymer/nanotube interface and stress transfer. Controlling the CNT/Matrix interfacial 
bonding formation can enhance adhesion and load transfer [8, 10, 11]. In addition, 
improving the surface area of the nano-filler by some surface modification approaches 
can improve the filler/matrix bonding. Intrinsic Van der Waals attraction between 
CNTs[12] leads to poor solubility and processability of CNTs and hence dispersion of 
CNTs in polymeric matrix . CNT surface modification/functionalization aims to 
 5 I n t r o d u c t i o n  
improve the surface property of the carbon nanotubes, which enhances the 
processability of CNTs[13, 14]. For high-performance CNT/Polymer nanocomposite, 
it has been demonstrated that the CNT to matrix load transfer will be improved at the 
higher content of crystalline polymer interphase. This improvement has also been 
reported even with the low loading of CNT [15-17]. Controlling the interfacial 
characteristics for nanocomposites also enables the production of high performance 
and inexpensive composites for different applications of CNTs that use a low amounts 
of CNT[8]. The exceptional properties of CNT make it a promising reinforcement for 
polyethylene to enhance the tensile strength, Elastic modulus, electrical conductivity 
and thermal conductivity of the composite [18, 19]. There have been several reports 
on the use of CNT in HDPE matrix[20-24]; however,  the main challenge of 
agglomeration of CNT during the manufacturing process of CNT/HDPE composite 
still remains[19]. It is believed that the proper distribution of CNT in a matrix is 
required in order to transform the applied load from CNT to HDPE efficiently [19]. In 
order to eliminate the drawbacks of using pristine CNT within matrix, several 
techniques have been used to obtain a homogenous dispersion of filler in composite 
[18, 20, 25, 26]. This includes  use of shearing loads[27] and high energy sonication 
as well as surface treatment of CNT [2, 28, 29]. It has been shown that there is a 
significant improvement in mechanical, structural, electrical and thermal behaviours 
of CNT-polymer composites when these techniques have been used [30, 31].  
II. Research Aim and Objectives 
Based on the presented statements in the literature review, to overcome the main 
challenging issues associated with the use of pure high-density polyethylene in 
different applications, the use of CNT could be the best option to develop a high 
performance composite. Many studies focuses on functionalization of CNT to enhance 
the chemical, physical and mechanical performance of carbon nanotube However, 
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some of the literature have reported the non-interested behaviour of the CNT due to 
change in intrinsic properties of the CNT in covalent functionalization of the CNT. To 
overcome this challenge and retain the outstanding inherent characteristics of the 
carbon nanotube, periodical patterning of the CNT can be a promising technique for 
high-tech applications. The previous studies in the field of the CNT functionalization 
and polymer/CNT nanocomposites demonstrate various attempts of research groups 
around the globe on development of CNT reinforced polymer composites using 
different polymers including polyimide, polycarbonate, polypropylene, and 
polyoxymethylene; however, the interfacial bonding of the PAN/CNT has not been 
widely studied. Periodical patterning of the PAN on CNT enable us to selectively 
positioned carbon nano-particles (originated from PAN) on designated areas that are 
completely controllable in terms of the mean diameter of particles and distance 
between them.  
Based on the literature survey conducted herein, the main research question of this 
project is: How to develop a selectively localised structure on CNT by using of 
PAN/PMMA blend using facile method including combined shearing and stirring, how 
using of surface modified CNT improve the mechanical and physical performance of 
HDPE based composite and how using of surface modified CNT instead of pristine 
CNT enhance the thermomechanical performance of the composite? 
III. Thesis outline 
This thesis is divided to five chapters as outlined below:  
Chapter 1 provides a summary of the literature on high-density polyethylene, its 
composite and different fillers for achieving high performance HDPE based 
composite. It is followed by literature review about carbon nanotube as a promising 
filler for HDPE based composite, functionalization of CNT and periodical patterning 
of CNT by PAN.   
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 Chapter 2 focuses on development of periodical patterning of nanocarbon on CNT. 
To achieve selectively localised carbon nanotube, the formation of the polymer on 
CNT is divided into two main areas: i) tubular coating of the PAN on CNT before and 
after carbonisation and ii) creation of unique morphologies entitled “cheetah skin” 
structure for the first time in this project. The formation of coating and 
functionalization of the CNT can be done by fabrication of the i) PAN+PMMA 
polymer mixture and ii) PAN coating only. Through further thermal treatment 
including the stabilisation and carbonisation, surface modified CNT cheetah skin CNT 
and tubular carbon on CNT were fabricated. One of the major findings discussed in 
this chapter is how changing the amount of the PAN/PMMA to CNT and PAN/CNT 
ratio and also changing the shearing and sonication processing parameters, different 
morphology of the periodical pattern of CNP on CNT can be achieved.  
Chapter 3 presents the development of high-density polyethylene based composite 
reinforced with pristine CNT and cheetah skin CNT. The tensile properties, thermal 
and electrical conductivity and contact angle of the composites is compared to 
composites reinforced by pristine CNT.  
Chapter 4 focuses on thermomechanical performance of cheetah skin CNT/HDPE and 
pristine CNT/HDPE composites. Also the change in thermal stability of the composite 
in the presence of cheetah skin CNT, isothermal and nonisothermal behaviour and 
activation energy for thermo-oxidative degradation in both isothermal and 
nonisothermal patterns are investigated. 
Chapter 5 concludes the main outcomes of the presented research and proposes the 
opportunities for future works.
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Chapter 1 
Literature Review 
 
1.1.Polyethylene: The most common plastic in the world 
Polyethylene or polythene (IUPAC name polyethene or poly (methylene)) is the most 
common plastic in the world. Products that are fabricated from plastics especially 
polyolefin based materials such as polyethylene (PE) and polypropylene (PP) are 
widely used in everyday life due to their low cost, light weight, durability and 
appropriate mechanical properties[32, 33]. Global demand for polyethylene (HDPE, 
LLDPE, and LDPE) will rise 4%per annum from 80 million tons in 2013 to 99.6 
million tons in 2018, valued at US$164 bln, as reported by Freedonia[34] . (Table 1.1). 
Due to ease of fabrication, cost effectiveness, recyclability and versatility of 
Polyethylene, it is a most widely used plastic resins in the world. In addition, focusing 
on new source for ethylene fabrication process like coal, shale gas and bio based 
materials is elevating the sustainability/cost advantage level of PE compared to other 
resins. Among all class of PE, HDPE ranked the most widely used of polyethylene 
resins estimating around half of total demand in 2013. Many type of polyethylene are 
known, with possessing the chemical formula (C2H4)nH2 [34, 35]. 
Table 1.1: World Polyethylene Demand (thousand metric Tons) [34] 
 
 Annual Growth (%) 
ITEM 2008 2013 2018 2008-2013 2013-2018 
Polyethylene 
Demand 
67430 81785 99600 3.9 4.0 
North America 15295 16025 18130 0.9 2.5 
Western Europe 13885 12900 13780 -1.5 1.3 
Asia/Pacific 24730 36575 47530 8.1 5.4 
Rest of the 
World 
13520 16285 20160 3.8 4.4 
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1.1.1. History of Polyethylene  
The historical study of polyethylene synthesizing reached us to the accidental 
preparation of PE by the German chemist Hans von Pechmann who prepared it in 1898 
while investigating diazomethane.  
 
Figure 1.1: The History of Polyethylene 
When his colleagues Eugen Bamberger and Friedrich Tschirner characterized the 
white, waxy substance that he had created, they recognized that it contained long              
1898
•Accidental fabrication of PE during investigating diazomethane by German 
chemist Hans von Pechmann
1933
•The first practical attempt for industrially polyethylene synthesis by Imperial Chemical 
Industries (ICI) chemists,Eric Fawcett and Reginald Gibson again by accident.( not producible 
due to contamination of oxygen in their apparatus)
1935
•Reproducible high-pressure synthesis of polyethylene by Michael Perrin 
1939
•Industrial LDPE production
1944
•Research on the Imperial Chemical Industrie(ICI) process:Bakelite Corporation at Sabine, 
Texas and Du Pont at Charleston, West Virginia, began large scale commercial production 
under license from ICI
1951
•Development of catalyst that facilate the polymerization at mild temperatures and pressures. 
(Use of chromium trioxide–based catalyst  in 1951 by Robert Banks and J. Paul Hogan at 
Phillips Petroleum)
1953
•The German chemist Karl Ziegler developed a catalytic system based on titanium halides and 
organo aluminium compounds that worked at even milder conditions than the Phillips catalyst.
1965
•DuPont Company is recognized as a pioneer of the large scale utilisation of polyethylene pipe 
(PE) for conveying natural gas
Early 
1970s
•Based on works that carried out by Ziegler team, by introducing the magnesium chloride in
catalytic system, making an enhancement on activity of the Ti-based catalysts was acievable.
These catalysts were so active that the residual Ti was no longer removed from the product.
these progress enable industries for commercialization of linear low-density
polyethylene(LLDPE) resins and improvenemt in manufacturing of noncrystalline copolymers.
1976
•Improving the catalytic systems based on soluble catalysts "metallocene"by Walter Kaminsky 
and Hansjörg Sinn
2005
•Replacing some kind of PE with UHMWPE fibers for high strength applications
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-CH2- chains and entitled it polymethylene. The diagram of big technical 
achievements of in manufacturing of polyethylene is described in figure 1.1. 
Polyethylene has been used for different applications including structural  and pipe 
applications. During these past centuries, different materials have been as a pipeline 
for transferring different types of liquids and gases. The use of plastics as an alternative 
of steel for pipeline applications was started by Western Europe after the Second 
World War. Due to the ease of fabrication and cost-effectiveness of "thermoplastics," 
combined with an huge demand for infrastructure replacement, led to a big shift in the 
use of polymers. In the past, metals especially steel have been used in many market 
sectors for pipe products. However, making a balance between mechanical 
performance, cost effectiveness and light weightness was the most challenging issue  
parameters for leading pipe manufacturing companies in the world. Technical 
development and innovation introduce plastic the material of choice [36]. DuPont 
Company was the pioneer  in applying of  polyethylene pipe (PE) for conveying natural 
gas in 1965. Nowadays, the use of millions of kilometres polyethylene pipelines 
throughout the world for carrying water and gas is very common industrial application 
of PE; so attempt to improve performance including mechanical and physical 
characteristics, prediction of life time of the pipes before breakdown and losing their 
performance are the most crucial challenges of industry and academic disciplines [37]. 
1.1.2. Classification of PEs 
PE is classified into different categories based on its branching and density. Its 
mechanical behaviours depend on different parameters such as molecular weight, 
crystal structure and branching characteristics(See table 1.2). Among all polyethylene 
grades, HDPE have been used widely due to ease of fabrication , low prices compared 
to other grades and broad range of applications.  
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Table 1.2: Classification of polyethylene based polymers [38-48] 
Type of polyethylene Abbreviation Application 
Ultra-high-molecular-
weight polyethylene 
(UHMWPE) 
Medical industry (orthopaedic implants such as hip and knee 
joints), automotive and railroad applications, agriculture, 
printing and packaging applications.  
Ultra-low-molecular-
weight polyethylene 
(ULMWPE or 
PE-WAX) 
As a wax to enhance lubricity, control the set/softening point 
of hot-melt adhesives. 
High-molecular-weight 
polyethylene 
(HMWPE) Electronic applications and automotive industry. 
High-density 
polyethylene 
(HDPE) 
Most usable PE in the world provide outstanding quality 
have application in  housewares, food containers and tubs, 
pallets and crates, liquid food containers, fuel tanks and 
larger volume drums, grocery, garbage and deep-freeze bags 
. 
Cross-linked 
polyethylene 
(PEX or XLPE) Coatings and barriers. 
High-density cross-
linked polyethylene 
(HDXLPE) Critical chemical applications.  
Medium-density 
polyethylene 
(MDPE) 
Gas pipes /fittings, shrink film, carrier bags and packaging 
film. 
Linear low-density 
polyethylene 
(LLDPE) Used in wire and cable insulation applications. 
Low-density 
polyethylene 
(LDPE) 
Packaging, transportation and protection pallets, Overwrap 
film for towels, tissues, film for bakery goods, meat, coffee, 
frozen foods, liquid packaging ,Liners, bags ,Agricultural 
,Greenhouse , Electrical cable and Insulation and 
semiconductive layers 
Very-low-density 
polyethylene 
(VLDPE) 
Hose and tubing, ice and frozen food bags, food packaging 
and stretch wrap. 
Copolymers - 
Food and industrial packaging, surface protection and 
greenhouse films. 
 
1.2.Polyethylene based composites 
The challenging issues associated with use of pure polyethylene are summarised here: 
 Low mechanical performance for use in hightech applications compared to other 
mateirals such as steel. 
 Failure of Polyethylene based materials in low degree of load (much less than their 
theoretical strength).  
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 Low Crack initiation resistance: Polyethylene can be susceptible to cracking and 
some of the potential causes of crack initiation are the squeeze-off operation, 
chemical erosion and degradation by soil. 
 Cost of replacing a new specimens with broken one(Labour and processing cost) 
 Feasibility of using the new materials in high sensitive & high-tech applications: 
Bioengineering, Military, Automotive… 
 Poor Self-healing ability of pure HDPE as a most usable Polyethylene in the world 
especially in pipe industry and infrastructure applications. 
Table 1.3: Use of different fillers for Polyethylene based composites 
Matrix Filler Literature 
HDPE Carbon fibre [49] 
HDPE Unmodified CNT 
Modified (OH and NH2) CNT 
[50] 
HDPE Modified Rape Straw Flour(MRSF) [51] 
UHMWPE Boron Nitride Particle (BNp) 
BN sheet (BNs) 
(BN+MWCNT) hybrid filler 
[52] 
LLDPE TiO2 nanotubes [53] 
HDPE expanded graphite (EG) [54] 
UHMWPE Graphene Oxide (GO) [55] 
HDPE Carbon nanofiber(CNF) [56] 
UHMWPE Bamboo Charcoal [57] 
HDPE Cellulose Fibre [58] 
UHMWPE Short carbon fibres (SCFs) 
nano-SiO2 
[59] 
UHMWPE Activated Nanocarbon Particles [60] 
 
To overcome these challenges, new hybrid and composite structures that include PE 
as a matrix and use of high mechanical performance filler is widely used in lots of 
applications with improved mechanical and physical properties compared to the pure 
polyethylene. Polyethylene based composites can be used in electrical, structural, 
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packaging, automotive industry, biomedical and aerospace applications. Many works 
have been performed on development of HDPE composites by using various fillers 
consisiting of fibre and  particle. [61].  
Different fillers including CNT, TiO2, carbon fibre, graphene oxide, BN, graphite and 
metallic fillers have been used to enhance the mechanical and physical property of 
polyethylene based composite (See table 1.3). 
1.2.1. CNT as a Filler 
Polymeric nanocomposites have gained lots of interest in the past few decades. 
Nanomaterials used as a filler for polymers to develop lightweight materials with 
combinations of excellent mechanical performance designed for specific industrial 
applications. CNT due to its outstanding mechanical/physical properties and unique 
aspect ratio widely used as a filler in PE composites. However, due to weak interfacial 
bonding between CNTs and PE, surface modification of the CNTs is vital to improve 
bonding of the matrix and filler. Thanks to excellent physical,mechanical , structural 
performance and high aspect ratio, carbon nanotubes is a best potential reinforcement 
for the polymeric composites [50, 62-67] . 
Polyolefin nanocomposites are fabricated by melt mixing, solution mixing and in 
situ polymerization. Melt mixing is an easy to apply and economical technique since 
the CNTs are added directly to the polyethylene melt. The main drawback of using 
melt mixing method refer to achieving a good dispersion of the CNTs through shearing 
forces and a strong bonding between nanotubes and matrix[67] . Strong interfacial 
bonding between matrix and filler is mainly difficult to obtain with non-polar polymers 
such as PE and PP. By using of polymeric compatibilizers, the dispersion of fillers 
have been enhanced and chemical compatibility of nanofillers/ polyolefin improved 
significantly  [9, 68] . Yang et al. [9] reported the enhancement of dispersion of CNT 
in PE matrix by melt blending of amine–functionalized nanotubes with PEgMA. 
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Prashantha et al. [68] improved the dispersion and directly mechanical performance of 
CNT in PP by wrapping of maleic anhydride grafted polypropylene (PPgMA) on CNT.  
Enhancement of Young’s modulus [9, 69-73] and lose of elongation at break [9, 70, 
73-75] have been reported for CNT-PE systems. Thermal behaviour such as 
crystallization and melting temperatures and crystallinity are reported to change 
slightly upon CNT addition [9, 18, 72, 74, 76] .  
Table 1.4: Some works focused on CNT-filled Polyethylene based composites 
Matrix Type of Filler 
Percentage 
of Filler 
Literature 
HDPE 
Unmodified CNT 
Modified (OH and NH2) CNT 
2-6% [50] 
HDPE Pellet MWCNT 1-10% [77] 
HDPE/UHMWPE 
Blend 
Pre-treatment of the CNTs by boiling in 
concentrated nitric acid 
0.2-2% [78] 
HDPE MWCNT 0.5-2.5% [79] 
HDPE Polyethylene grafted MWNTs 0.5-2 % [9] 
HDPE 
Pristine CNT 
Hydroxyl- functionalized CNT 
carboxylic- functionalized CNT 
1% [80] 
HDPE 
Carbon nanotubes functionalized with 
dodecylamine 
0.8% [81] 
UHMWPE 
Carbon nanotubes treated using the mixture 
of concentrated H2SO4 and HNO3 
5% [82] 
UHMWPE 
Carbon nanotubes functionalized with 
Hindered Amine Light Stabilizer (HAS)  
1% [83] 
UHMWPE 
Carbon nanotubes functionalized with 
Phenyl Polyhedral Olygomenric 
Silsesquioxane (phPOSS)  
1% [84] 
 
1.3.Development of high performance carbon nanotube based filler for 
composite applications 
1.3.1. Carbon Nanotube History 
Development of the chemistry of the Fullerenes has been carried out by Smalley and 
his colleagues in 1980s. Fullerene is geometrically cages similar to the structure of 
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carbon atoms in the form of a hollow sphere, tube, ellipsoid, and other shapes. 
Spherical fullerenes and cylindrical are called Buckminsterfullerene (buckyballs) and 
carbon nanotubes (buckytubes) respectively. Carbonaceous nanomaterials, which 
include zero-dimension (0D) fullerene, one dimension of carbon nanotube (CNT) and 
two dimensions of graphene sheets (G), have gained lots of interest in wide range of 
industrial application over the last two decades [85-89]. The first discovery of the 
CNTs is backed to Iijima in 1991 [88]. Carbon nanotube (CNTs) can be described 
theoretically as a graphite sheet that rolled up into a nano-sized tube which called 
SWNTs or with more graphite sheets around the core of SWCNTs to fabricate the 
multi-walled CNTs(MWCNTs) [89]. Graphite sheets in CNTs are rolled up in such a 
direction that the lattice vector Ch=na1+ma2 becomes a perimeter of the tube like where 
m and n are integers and a1 , a2 are the unit cell vectors of the planer graphene sheet 
[88]. Based on the fact that the crystallographic directions of the hexagons in the 
graphene sheets are not fixed, different CNT configuration of CNT called zigzag, 
armchair and chiral are studied [12] ( Figure 1.2).  
 
Figure 1.2: Schematic of Different types of CNT [88] 
Carbon Nanotube is known for its unique geometrical characteristics and excellent 
mechanical/physical properties. They are already used as a filler/reinforcement in 
several polymer based composites [8]. The excellent elastic modulus (about 1TPa) and 
tensile strength of CNTs, are thought to develop new grades of polymer based 
composites with enhanced mechanical behaviours [9] (Table 1.5) 
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Table 1.5: Typical properties of CNTs[90] 
 
1.3.2. The future vision of carbon nanotube in Market 
Figure 1.3 shows the most usable application of carbon nanotubes in global market. 
The use of Carbon nanotubes in polymers was reached to more than 60% of global 
share of the market in 2014, which anticipated growing even more in the utilisation of 
engineered polymers in the automotive industry and construction. Due to a broad range 
of applications of carbon nanotubes, the global market demands of The Silicon-coated 
CNT is also can be used in lithium-ion batteries field to enhance the efficiency of 
batteries up to ten times. Gaining popularity of composites because of their lightweight 
property are accompanied with their excellent properties even in very low loading in 
composites. CNT shows excellent conductivity and outstanding optoelectronic 
properties, that takes the lead in new generations of high-tech electrical & electronics 
applications[91] . The increasing production of solar power in Australia , China, India 
and Mexico  due to the increase of their government funding for domestic solar power 
production, is estimated to be a higher demand of CNT in future [91]. 
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Figure 1.3: Global CNT Market and estimation by application 2012-2022 (Tons) [91, 92] 
1.3.3. CNT research and development 
There are various potential applications of CNT that are of interest to the academic 
community such as, waterproof and tear resistant cloth fabrics, electrical circuits, 
sensors based on the thermal conductivity’s property, structural applications due to the 
mechanical performance of the CNT, and biomedical applications and drug delivery 
for tumour targeting [93]. (Figure 1.4) 
1.3.3.1.Nano-Electronics  
One of the most promising use of CNTs is nanoelectronic application due to the 
potential of CNT to be highly conductive. In fact, SWNT ropes are the most conductive 
carbon-based material [94]. Electronic Chips fabrication companies used Aluminium 
and copper as metallic compounds to make an interconnection between transistors on 
chips until recent years. However, the resistance of copper to electricity flow increases 
when the thinner metals used, resulted in limitation of its use for a specific range of 
applications. Due to its high conductivity and huge surface area, CNT is a promising 
alternative to copper.  
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1.3.3.2.Energy Production and Storage 
Carbon Nanotubes provide a broad range of energy-related applications. For instance, 
the two electrodes in rechargeable Lithium-ion batteries (graphite and metal oxide) 
that are used in most of the portable devices can be replaced by CNT, which is much 
lighter and thinner than current electrodes with around thousand times greater  
conductivity. For special applications such as electric cars, the reduction of weight can 
efficiently reduce the battery power requirements. Therefore, ultra-thin flexible 
batteries, which have been fabricated by CNT, can respond to this demand. The thin 
batteries also can be used in applications that need to be folded up, rolled, or cut 
without any change in efficiency such as biological and medical applications.  
1.3.3.3.Solar Cells 
The latest energy market reports that the fabrication of solar cells, which are consisting 
of 100-micrometer-high towers, built of CNTs grown on iron-coated silicon wafers. 
At least 40,000 of these towers can be positioned in one square centimetre of the 
surface; each tower is an array of millions of vertically aligned carbon nanotubes. 
These cells have an ability to absorb more light in comparison to the current solar cells. 
The typical solar cells have the best efficiency when the sun is at 90º; however, the 
new cells surprisingly have a peak at 45° and provide a high efficiency during the day, 
which is appropriable for space applications. [93].  
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Figure 1.4: Most Important applications of the carbon nanotube in academic discipline[91]  
1.3.4. CNT-Polymer Composites 
Enhancement of mechanical properties of polymer-based composites has a great 
interrelationship with the formation of strong CNT/polymer interfacial bonding in 
interface and stress transfer. Controlling the interphase formation of CNT/matrix can 
improve an adhesion and load transfer [8, 10, 11]. However, the surface modification 
of the CNT and also the chemical functionalization may create defects in the structure 
of the carbon nanotube, which can adversely affect the mechanical performance of 
nanocomposites [95]. Because of the inherent Van der Walls attractions between 
CNTs, which leads to a poor processability and solubility , the dispersion of CNT in 
polymeric matrix or solvent is hindered [88]. To overcome this challenge, surface 
functionalization of CNT is conducted to enhance a surface property of the CNT and 
improve its processability. The common approach to the development of CNT-
reinforced polymer composites is to surface-modify CNT in order to enhance the 
mechanical performance of composites  [13, 14]. It has been shown that improvement 
of polymer interface can lead to an improvement of load transfer in CNT/matrix 
interface. This can be true even with small amount of nanotube [15-17] that opens up 
avenues for fabrication of low-cost high-quality polymer composites. CNT can acts as 
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a template and nucleates crystallisation in various polymer system such as 
polypropylene (PP), Polyethylene (PE), PBT, Polyacrylonitrile (PAN), Poly (vinyl 
alcohol), Poly (L-Lactide) (PLLA), and isotactic polypropylene (iPP) [8, 87, 96-102]. 
The final mechanical and physical properties of a composite are depended on three 
key factors: matrix, matrix/filler interface and filler. Matrix is the continuous phase 
that its properties have been improved by the incorporation of the reinforcements. 
Historically, it was wrongly assumed that the only role of matrix was to hold 
reinforcements in place. However, the importance of the matrix and its influence on 
the overall properties has been well established by researchers over the course of 
intensive investigations. Along with the properties of the reinforcement, it is also 
important to analyse the matrix/filler interactions. 
1.3.4.1.Fabrication techniques of CNT/polymer composites 
As already stated above, the proper dispersion of CNTs in the matrix is a big challenge 
in the fabrication of CNT-reinforced polymer matrix composites. Excellent reinforcing 
effect of carbon nanotube in composites is achievable only no agglomerations 
happened for CNTs. Currently, different techniques are used for better dispersion of 
carbon nanotubes in a matrix including solution mixing, in-situ polymerization and 
melt blending technique.  
1.3.4.1.1. Solution mixing 
In this method, dispersion of carbon nanotubes in a proper solvent accompanied with 
dispersion of polymers in a same solution. The polymer/carbon nanotube composite is 
formed by evaporation or precipitation of the solvent. It is generally believed that the 
proper dispersion of pure carbon nanotube in a solvent using humble stirring is 
challenging. Therefore, a high power sonicator is required to achieve high-dispersed 
CNT in a solution. The aggregates of CNTs can be practicably broken down during 
the ultrasonication process. For example, a solution–precipitation method is used to 
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enhance the dispersion of CNT in a polycarbonate. It is shown that the nanotubes were 
homogenously dispersed in the matrix. The mixture of sonication and mechanically 
stirring provide practically proper procedure in the formation of the composites with a 
uniform particle size.  
1.3.4.1.2. Melt mixing 
Melt mixing is a practical and easy to apply technique, especially for thermoplastic 
polymers that widely used for current industrial practices. In this technique, carbon 
nanotubes are mechanically dispersed into a matrix by applying a high shear force 
mixer at high temperature. The shear forces help to break CNT agglomerates and 
prevent its formation. Structural imaging approved a uniform dispersion of nanotubes 
in the matrix accompanied with noticeable improvement in mechanical performance. 
Different researchers produced CNT/Polyethylene composites via the melt-blending 
method. CNTs successfully dispersed in PE using twin screw Brabender delay 
oxidative/thermal degradation compared to pure PE. Melt mixing has been 
successfully used for the fabrication of various polymer/CNT composites such as high-
density PE/CNT, polyimide/CNT, polypropylene/CNT, polyoxymethylene/CNT, 
PA6/CNT, and PMMA/CNT. However, the dispersion of the CNT is still a challenging 
issue in this technique.  
1.3.4.1.3. In-situ Polymerization 
In this method, dispersion of carbon nanotube in monomer followed by polymerization 
to fabricate polymer/CNT composite. The polymers that cannot be produced by other 
techniques, especially for thermally unstable or insoluble polymers, are the main 
candidates for using in-situ polymerization method [90]. 
1.3.5. Surface Modification of the CNT 
The interphase or the region between the matrix and the reinforcement actually plays 
an important role in stress transfer in matrix/reinforcement interface. If the bonding 
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between these regions is weak, which may occur due to adhesion issues or lack of 
interaction in-between, the final composite possessing poor mechanical properties. 
One major challenge in processing and manipulating carbon nanotubes is the 
insolubility of different solvents. Although huge progress has been carried out on 
covalent chemical modification of CNT, it is not possible to establish an efficient route 
of manipulating and handling CNTs without their partial destruction risk. Thus it 
seems interesting to explore nanohybrid composite approaches that modified the 
surface of  the CNTs. it could open up the opportunities of being able to organise CNTs 
into periodically patterned networks [103].  
1.3.5.1.Functionalization of the CNT 
Functionalization of the carbon nanotube has been studied intensively in the last 
decade [104]. To enhance the chemical, physical and mechanical performance of 
carbon nanotube, many studies have been focused on functionalizing of the surface. 
However, some literature have explored the non-interested behaviour of the CNT due 
to the change in intrinsic properties of the CNT in covalent functionalization of the 
CNT. In general, CNT functionalization techniques can be classified into two main 
categories: covalent and non-covalent techniques.   
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Figure 1.5: Schematic of the functionalization of the CNT. a) chemical functionalization of 
CNT(direct); b) defect functionalized CNT(covalent functionalization) , c) surfactant wrapping of 
CNT ,d) polymer wrapping of CNT [13]. 
 
1.3.5.1.1. Covalent Functionalization 
The process of a covalent linking between carbon skeleton of nanotubes and functional 
groups is the basis of the covalent functionalization.  This technique consists of two 
main approaches: (1) direct covalent sidewall functionalization and (2) Indirect 
covalent functionalization with carboxylic groups on the surface of carbon nanotubes. 
Figure 1.6a and 1.6b show the chemical functionalization of CNT. In both methods, 
the linkage of the CNT and functional groups are covalent. The first system (Figure 
1.6a) involves directly linkage of the second phase to the graphitic surface (direct 
chemical) and in the second system (Figure 1.6b).  
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Figure 1.6: The formation mechanism of the amylose/SWNTs complex: (a) formation of primary 
amylose/SWNTs, through hydrogen bond interaction or/and hydrophobic interaction (b–d) hydrogen 
bond interaction [104]. 
The second phase is linked to the CNT-bound carboxylic acids, which were created 
during CNT synthesis or post treatment of CNTs for purification purpose. Formation 
of the permanent and stable linkage between CNT and functional groups is the main 
advantage of the chemical functionalization .However, due to the reaction of the 
functional groups with  the graphite resulted in breaking the sp2 conformation of the 
carbon atoms; compared with the pure tubes, the conjunction of the CNT wall is 
disrupted and  mechanical and electrical performance of the chemically functionalized 
carbon nanotubes declined significantly [88]. Direct covalent sidewall 
functionalization of CNT is accompanied with a sp2 to sp3 hybridization change and 
loss of conjugation (e.g., fluorination of nanotubes) (Figure 1.6). Indirect covalent 
functionalization is consisted of chemical transformations of carboxylic groups at the 
holes and open ends in the sidewalls of tubes. There is a possibility that these 
carboxylic groups exist on the pristine CNTs and be further generated during oxidative 
purification [7, 8]. The disadvantage of this approach is that the intrinsic property of 
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carbon nanotube has to be destroyed, which resulted in a meaningful decrease in CNTs 
physical/mechanical performance. During the covalent functionalization of the carbon 
nanotube, due to a chemical change in surface, the structural property of the CNT will 
be changed, which is traceable by using Raman spectroscopy. The Raman Spectra of 
the pristine CNT is shown in figure 1.7. By covalent functionalization of the CNT, the 
value of ID/IG will change dramatically due to the existence of the additional 
component in the system (Figure 1.7b).  
 
Figure 1.7: The Raman spectroscopy of  (A) pure CNT and (B) functionalized individual CNT[105] 
1.3.5.1.2. Non- Covalent Functionalization 
This approach is consisted of supramolecular complexation using different adsorption 
forces, such as Van der Waals force, electrostatic force, hydrogen bonds, and p-
stacking interactions [104]. Different soft materials and polymers were involved to 
‘‘wrap’’ carbon nanotubes, to improve their adhesion in solution. Through the 
wrapping of the carbon nanotubes with these materials, it is anticipated that a strong 
interaction with nanotubes is formed, resulting in surfactant/functional molecule-
coated CNTs, hence surface properties of the nanotube can be modified. 
Polyvinylpyrrolidone (PVP), polystyrene sulfonate, Polyacrylonitrile (PAN) and other 
polymers are used to improve the solubility of carbon nanotubes in different systems 
[21]. These polymers are very closely wrapped carbon nanotubes, forming a 
CNT/Polymer nanohybrid materials (Figure 5d). The surface property of the CNT was 
enhanced by the polymer resulting in higher solubility in water. The main advantages 
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of the non-covalent method are that the structural integrity of carbon nanotube is not 
disrupted and the intrinsic properties of the carbon nanotubes remains unchanged. 
[13](Figures 1.8 and 1.9).  
 
Figure 1.8: Schematic noncovalent functionalization and solubilisation of carbon nanotube with 
HBPE[106] . 
 
 
Figure 1.9: Non covalent functionalization of pyrene- CNT[107]. 
1.3.5.2. Periodically Patterning on CNT 
There are a number of studies on the method of arranging different materials and 
functions on the surface of CNTs. Most published research in the field of periodical 
patterning of the polymers on the surface of CNT are focused on the formation of shish 
kebab structure (Table 1.6).  
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Table 1.6: Some of the periodical functionalization on CNT 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.10: Nano-hybrid shish kebab structure fabricated by solution crystallisation of polyethylene 
on CNT [88] 
Nano-hybrid shish kebab (NHSK) could potentially provide a platform for the mass 
production of periodically patterned NHSKs with the frequency changed from a few 
to hundreds of nanometres. More uniformly dispersed CNT-reinforced polymer based 
composites can be achieved using these structures as the filler than pristine CNTs. To 
this end, the kebabs or carbon nano-particles (CNPS) serve as nano anchors and it is 
No Second Phase Structure Method Literature 
1 Polyethylene oligomers 
Nano-hybrid shish 
kebab(NHSK) 
PVD [108] 
2 Poly(ε-Caprolactone) NHSK Electrospinning [109] 
3 (PE-Fe) Flower-like structure 
polymer 
crystallization 
[110] 
4 
Nylon-11 
 
NHSK 
polymer 
crystallization 
[95] 
5 Polyoxometalate(POM) 
-Cuboid periodically pattern 
-Rhombic odecahedral 
crystals pattern 
polymer 
crystallization 
[111] 
6 
Gold nanoparticles on the 
block copolymer 
NHSK 
polymer 
crystallization 
[86] 
7 Nylon 66- NHSK 
polymer 
crystallization 
[112] 
8 PE NHSK 
polymer 
crystallization 
[88] 
9 PE NHSK 
polymer 
crystallization 
[87] 
10 PAN NHSK 
polymer 
crystallization 
[8] 
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expected for more efficient load transfer. Compared with pristine CNTs, periodically 
patterned structures possess a higher surface area, potentially useable for catalyst  
supports application [88] (Figures 1.10 and 1.11). 
 
Figure 1.11: TEM Images of Nano-hybrid shish kebab structure of polyethylene on (a) SWCNT; (b) 
MWCNT ;(c) CNF ; (d) graphene[88] 
In the shish kebab formation of polymer on CNT, its usually consists of central fibril 
(shish) and disc-shaped folded chain perpendicularly oriented to the CNT (kebab). The 
new examples of formation of the shish kebab on CNT have a similarity to classic SK 
polymer crystal formed under shear field by Geil, Reeke and Pennings in 1960. In both 
structures, a shish core and diameter of the core are about one to a few tens nanometres. 
Also, the central core is wrapped by disc-shaped polymers (Perpendicular to the core) 
with a lamellar thickness of several to a few tens nanometres In recent researches on 
NHSKs fabricated on SWNT due to the formation of 1D-nucleation sites, the 
CNT/Polymer solution was not under shear flow or extension during crystallisation 
(Figures 1.12 and 1.13). 
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Figure 1.12: Gold nanoparticle periodic patterning on the block-copolymer/CNT hybrid. [86]. 
 
Figure 1.13: Periodical pattering of polyethylene on CNT[87]. 
1.3.6. CNT/Polyacrylonitrile composite 
A carbon nanotube can work as a nucleating phase for polymer crystallisation and 
simultaneously as a templating agent for polymer orientation. Polyacrylonitrile (PAN) 
has gained huge interest due to its superiority as a precursor for carbon fibre (CF) 
fabrication [113]. For carbon fibre fabrication, PAN copolymers are usually used more 
than PAN homopolymers, due to their inhomogeneity along the chain, which can 
improve fibre drawability and decrease the time of stabilisation [114, 115]. Over the 
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last decade, the addition of CNT to Polyacrylonitrile has been explored to result in 
structural enhancement during heat treatment of the CNT/PAN composite for the next 
generation of the carbon fibers [17, 101]. Figures 1.14 and 1.15 show the formation of 
the PAN on a single wall CNT in a different form of tubular and shish kebab. 
 
Figure 1.14: (a1) Schematic of tubular polyacrylonitrile coating on SWNTs. (a 2 and a3) (b1) fractural 
morphology of the tubular polyacrylonitrile coating on SWNTs (b2) corresponding schematic. (c1, c2) 
lower concentration sample[8] 
 
 
Figure 1.15: (a, b, c) formation of shish kebab PAN on CNT; (d1, d2, and d3) high kebab densities [8] 
The presence of carbon nanotube can be a driving force for a reduction in entropic/ 
reaction shrinkages in the matrix and enhancing the highest tension that a fibre can 
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tolerate during stabilisation. During the stabilisation thermal treatment, the carbon 
nanotube can promote the conversion of polyacrylonitrile into a highly ordered ladder. 
This highly ordered PAN exhibits a modified orientation, a lower amount of chain 
terminations and longer conjugated segments at the interphase (Figure 1.16). 
Furthermore, the presence of CNT-fillers can decrease of β amino nitrile groups 
formation that may  cause:  chain scission , enhance the ladder polymer orientation, 
and increase the mechanical performance of the fiber [116]. Among all polymer-based 
nanocomposites, carbon nanotubes are shown an ability to initiate polymer interphase 
formation. It is also observed that in several research that confirmed the structural 
enhancement of the interphase-polymer to the precursor, the PAN conversation to 
graphite can occur in the near vicinity of the CNT just only at about 1100°C [115]. 
 
Figure 1.16: Potential mechanism during stabilisation process in CNT/Polymer system [115].  
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In particular, the formation of the PAN coating consisting of the highly crystalline 
tubular morphologies of Polyacrylonitrile is highly required due to the extended chain 
structure, that may be compatible to the conversation of the Polyacrylonitrile to 
graphite at low temperature [115]. This phenomenon is closely related to the interfacial 
interaction of PAN/CNT. Through periodical patterning of the PAN on CNT 
consisting of the aligned polymer chains, the decorated CNPs (PAN changed to carbon 
nano-particles after carbonisation procedure) structure has a rougher surface to 
improve the interfacial bonding in carbon nanotube/polymer system. Based on this , 
the CNP coating is a non-covalent approach for enhancement of the interfacial 
interactions in CNT/polymer matrix system without immolating the intrinsic 
characteristics of the CNTs [95]. The fabrication of surface modified CNT by PAN 
can also has a great impact on adhesion ability and enhancing the interfacial bonding 
between CNT and polymer. The uniform distribution of filler in polymeric matrix is 
resulted in more efficient and uniform heat conduction in composite (Figure1.16).  
1.4. Summary of literature review 
Due to simple fabrication method, cost effectiveness, recyclability and versatility of 
Polyethylene, it is a most widely used plastic resins in the world. HDPE ranked as a 
top polyethylene class resins estimating around half of total demand in 2013. HDPE 
have application in  housewares, structural applications, water and gas pipes, food 
containers and tubs, pallets and crates, liquid food containers, fuel tanks and larger 
volume drums, grocery, garbage and deep-freeze bags. The challenging issues 
associated with the use of pure polyethylene is related to the loss of mechanical 
performance in elevated temperature and pressure, poor self healing ability, low crack 
initiation and propogation resistance and low mechanical strength need for hightech 
applications. So, to overcome these challenges, fabricating of HDPE based composite 
have been proposed. Different types of filler including CNT,CF, TiO2, Graphene 
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oxide, Graphite and metallic particles have been used to enhance the mechanical and 
physical property of PE. Among all fillers, CNT has been chosen due to the 
outstanding mechanical and physical performance. Different methods are used to 
fabricate the polymer/carbon nanotube hybrid composites based on their simplicity 
and processing conditions including melt mixing, solution mixing, and in-situ 
polymerization. There are many opportunities to functionalize carbon nanotube to 
achieve higher mechanical and physical property for various applications. Among all 
polymers and functional groups for functionalization of CNT to enhance its surface 
property, PAN has gained numerousinterest due to its excellent mechanical, structural 
and physical properties. PAN has also a fairly high carbon yield  . By fabricating 
surface modified CNT through periodical patterning of PAN, covalent bonding 
between CNT and carbon nano-particles (originated from PAN) will be formed. 
Selective localization of CNT provide huge opportunity to use this filler for different 
applications such as  multi functional polymer composite, high performance  carbon 
fiber as well as materials for  medical applications. It can  be concluded that the 
periodical patterning of the PAN on CNT exhibits a new type of nanoscale 
architecture. This can be considered as one of the functionalization approaches to 
achieve periodical carbon nano-patterning on CNTs. This new class  of nanomaterials 
can be utilised as a reinforcement for different applications in polymer based 
composites . The use of this nanomaterial instead of pure CNT resulted in no 
agglomeration in  matrix and better interfacial bonding with HDPE due to the 
formation of 3D structure on the surface of CNT and making a barrier for nanoparticles 
agglomeration.
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Chapter 2 
Cheetah skin structure: a new approach for carbon-nano-
patterning on carbon nanotubes 
 
Abstract 
Selective localization and periodically patterning of polymer on surface of carbon 
nanotube(CNT) have been used as a practical approach for surface modification of 
CNT to overcome the poor solubility and processability of CNT in the different 
composites. Formation of carbon nanoparticle (CNP) on carbon nanotubes has been 
investigated in this research for the development of nanohybrid composites. Two 
distinct morphology of polyacrylonitrile (PAN) coated on CNT is observed. A novel 
approach to design a cheetah skin structure comprising of carbon-nano-patterning of 
carbon nanotubes is introduced. The cheetah skin structured CNT/CNP nanohybrid 
composite could lead to the development of the high-performance carbon based 
materials for high-tech applications in biotechnology, nano electronics and energy 
storage devices. 
2.1.Introduction 
Due to their unique properties carbon nanotubes continue to gain interest in high-tech 
applications such as nanoelectronic, sensors, composites, water purification, drug 
delivery and tumour targeting. Currently, more than half of CNT’s application are 
related polymer reinforced composites. In most CNT reinforced composites, achieving 
a homogenous dispersion and strong interfacial bonding with matrix is still a 
challenge. To overcome these limitations, various structures including buckypapers, 
CNT arrays, and CNT yarns have been developed to pre-alignment of CNTs prior to 
fabricating composites [117-119]. In recent years, periodic patterning and selective 
localization of CNTs with polymers and carbon nanostructures attracted significant 
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interest among researchers [87, 120-122] . The carbon-nano-patterning of carbon 
nanotubes offers several advantages. First, the CNPs are formed by polymer chains 
that can be easily functionalized to include variety of functional groups. Second, the 
periodical patterning of CNPs on CNT, could provide an unprecedented way to create 
pre-controlled CNT structure for electrical and optical applications. Numerous 
application such as catalyst support, supercapacitors, sensors, electrodes, drug delivery 
devices and nanocomposites are potentially expected from development of this unique 
CNP/CNT structure[122, 123] . Third, it could potentially prevent the agglomeration 
of CNTs in polymeric matrix or solvents, which helps nanocomposite processing. 
Mechanical property enhancement in nanocomposite materials has a direct 
relationship with the formation of strong interfacial bonding between filler and matrix 
[124-129]. Any improvements in CNT/polymer matrix interphase can improve 
adhesion and load transfer [8, 10, 11, 130, 131] . Because of the inherent van der walls 
attractions between CNTs that leads to the poor processability and solubility, the 
dispersion of CNT in polymeric matrix or solvent is hindered [26, 88, 132, 133]. To 
overcome this challenge, chemical functionalization of CNT is conducted to modify 
the surface of the CNT and improve its processability. The non-covalent method to 
functionalize CNT involves wrapping CNT by a polymer or other materials to improve 
its solubility. The advantage of the non–covalent method compared to covalent 
functionalization is that the integrity of the structure is not disrupted and therefore its 
intrinsic property is kept intact. The common approach in development of CNT 
reinforced polymer composites is to surface modify CNT in order to improve 
mechanical properties of nanocomposites [13, 14, 31, 134] . It has been shown that 
improvement in the polymer interface can lead to an improvement in CNT to matrix 
load transfer, even with small amount of CNT [15-17, 135, 136] that opens up avenues 
for development of low-cost high-performance polymer composites. it has been 
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reported that CNTs act as a template and nucleates crystallization in various polymer 
system such as polyethylene (PE), polypropylene (PP), polyacrylonitrile (PAN), 
poly(butylene terephthalate) (PBT), poly (vinyl alcohol) (PVA), poly (l-lactide) 
(PLLA), isotactic polypropylene (IPP)[8, 87, 96-102, 137, 138]. 
Interfacial crystallization of PAN by multi-walled CNT is discussed in this work. It is 
expected that nano-pattern structure observed at the interface of CNT/PAN system 
directly influences the stress transfer ability and mechanical performance[8, 17]. 
Among different polymers, polyacrylonitrile is of great interest due to its excellent 
mechanical and physical performance and being known as the most preferred 
precursor for carbon fiber production[139]. Also, for carbon fiber fabrication, it has 
been shown that the addition of CNT into the PAN contributes positively in the 
structural evolution during heat treatment of the CNT/PAN [115]. Due to the 
templating effects of CNT, crystalline interfacial regions are formed in PAN/CNT 
system[8]. It has been confirmed that changes in processing conditions such as degree 
of cooling and dispersion technique as well as   solution temperature and concentration 
have a significant impact on final properties of CNT/PAN composite.  
2.2.Experimental 
2.2.1. Materials  
Short multiwalled carbon nanotube with other diameter (OD) 20-30nm, length 0.5-
2µm and purity>95% purchased from Arry Nano company (Germany). 
Polyacrylonitrile (PAN) and Poly (methyl methacrylate) (PMMA) were obtained from 
Sigma-Aldrich (Sydney, Australia). N, N-Dimethyleformmamide (DMF) (≥99.8) 
solvent was purchased from LES, Deakin University (Australia). 
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2.2.2. Solution Preparation 
Figure 2.1 represents the synthesis procedure for CNT/CNP nanohybrid composite. As 
received MWCNT powder was added into DMF solution to make a dilute solution.  
To achieve uniform distribution of CNTs in DMF, sonication process was used for 0.5 
to 2hr. then, various concentrations of PAN/PMMA/DMF were selected and mixed 
gently to achieve a homogeneous solution. The resulted mixture was then added into 
CNT/DMF solution and immediately transferred for further sonication for 1-2hr. 
The CNT/PAN/PMMA/DMF samples were then stirred for 24hr at 70-90°C and 
finally a range of drying conditions from rapid (4hr) to slow cooling (24hr) were 
conducted. Table 1 shows the chemical composition of different CNT-PAN 
composites fabricated in this work.  
Table 2.1: Chemical composition of CNT-CNP Composites 
Sample ID Concentration 
 CNT(mg/L) PAN(mg/L) PMMA(mg/L) 
S1 20 20 0 
S2 20 15 5 
S3 20 10 10 
S4 20 5 15 
 
2.2.3. Heat Treatment 
To understand the impact of heat treatment on structural and chemical behaviour of 
nanohybrid composite, a GERO tube furnace with an alumina tube was used to 
stabilize and carbonize samples. The entire system sealed and the outlet gas flow 
Figure 2.1: Synthesis procedure for CNT/CNP hybrid composite 
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released directly into a venting system. In this work, the stabilization and carbonization 
process parameters are kept consistent for all samples. For stabilization in air, the 
temperature was ramped up gradually (1°c/min) to 285°C and remained isothermal for 
10hr. Then it was ramped up again to 330°C (1°c/min), and maintained for 3hr and 
gradually decreased with the same rate to room temperature. for carbonization stage 
in argon, the temperature ramped up rapidly from room temperature to 1000-1200°C 
at (5°C/min) and maintained only for 5 minutes and cooled gradually to 25°C (Figure 
2.2).  
 
Figure 2.2: Thermal treatment procedure used for CNT/PAN composites 
2.2.4. Characterizations 
To investigate the effect of preparation technique and shearing and stirring procedure 
for fabrication of surface modified CNT, different analysing techniques were 
considered. Analyses were providing useful and necessary information about the 
morphological and structural characteristics, thermal properties, mechanical 
properties, chemical evolution during the stabilisation and graphitization of the PAN 
during the thermal treatment. Morphological characterisation of surface modified CNT 
was investigated using Zeiss‐Supra electron microscopy. Detailed morphological 
characteristics of the CNT/CNP composites for better understanding of the CNP 
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formation and periodically pattern on CNT carried out by Jeol2100 Advance 
Transmission electron microscopy. Thermo‐Gravimetrical Analysis (TGA) 
measurement was carried out to monitor weight loss behaviour of different PAN fibre 
samples during the reaction. Evolution of CNT-CNP composites chemical structural 
were monitored using Raman Spectroscopy technique to better  understand  the degree 
of graphitization through calculating the ID/IG for each samples. X‐ray diffraction 
technique using a PANanalytical ‐XPert powder instrument was used to investigate 
effects of different experimental conditions on the crystallite size of CNT/CNP 
composites. 
 
 
2.3. Results and discussions 
2.3.1. SEM Imaging 
Processing of CNT/PAN/PMMA under different conditions resulted in formation of 
CNP with various morphologies such as tubular, cheetah skin, etc. Figure 2.3 shows 
the microstructural characteristics of CNT/PAN nanohybrid composite in various 
concentrations before carbonization.  
 
 
(a) 
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Figure 2.3: SEM images of samples without any heat treatment process (a): Pure CNT, (b): CNT 2%-
PAN0.5%-PMMA 1.5% composite, (c) PAN0.5%-PMMA 1.5% coating before adding to CNT;  (d) 
CNT 2%-PAN 1% -PMMA 1% composite (e) PAN1%-PMMA 1% coating before adding to CNT; (f) 
CNT 2%-PAN 1.5% -PMMA 0.5% composite (g) PAN1.5%-PMMA 0.5% coating before adding to 
CNT 
It is observed that in these samples PAN formed a layer of coating on the CNTs 
surface. The thickness of different samples containing various amount of PAN and 
 
 
 
 
 
(b) 
(c) 
(d) 
(e) 
(f) 
(g) 
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PMMA varied significantly. In sample containing 1.5%PMMA, the thickness of 
tubular coating is bigger than samples containing 0.5 or 1% PMMA. PMMA due to its 
polymeric characteristic can act as a matrix for PAN particles. By applying the 
shearing process, the homogenous dispersion of PAN particles (circular shape) in 
PMMA matrix is achieved. This is a critical step in fabrication of different 
morphologies on the surface of CNT. By changing the fabrication process parameters 
such as shearing/stirring factors and drying parameters, final morphologies can be 
changed. Based on the images 3, it can be clearly seen that in all cases, PAN particles 
in circular shapes are dispersed homogenously in PMMA matrix and formed the 
tubular coating on the surface of CNT due to templating nature of the CNT for 
polymerization process[115]. It is believed that the formation of coating on CNT is 
more easier for planar zigzag conformation compared to helical polymers due to the 
reduction of regularity and contacting density caused by less symmetry of the helix as 
well as the presence of bulky side groups. Previous studies confirmed that formation 
of polyethylene and polypropylene shish kebab structures is more favourite for 
periodical patterning on CNT due to simplicity and polymeric characteristics [8, 115, 
140]. Figure 2.3 and 2.4 show the evidence that PAN (helical conformation) can form 
both extended-chain (tubular coating to aid the PAN growth on CNT, concentration of 
polymer solution via solvent evaporation was kept high. It is well-known that 
immiscible polymer blends can form matrix-disperse morphology [141, 142] . This 
idea is used in this work to modify the surface of CNT. Here, PMMA is the matrix and 
PAN is the dispersed phase, therefor we expected that after carbonization PMMA 
evaporated and carbon droplets remain on the nanotube surface and a cheetah skin 
structure will be obtained. The mechanism of this approach is based on the attraction 
of polymer chains to each other and fabrication of a long-range three-dimensional 
order to form a solid mass[115].) Both heat treatment and solvent evaporation control 
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the crystallization process in CNT/PAN system. Using shear forces on nanohybrid 
filler/polymer composite solutions leads to a synergistic effect on promoting direct 
crystallization because of the changes in stress level and polymer chain’s orientation 
surrounding the nano particles[115, 143]. 
 
 
(a)  
 
(b) 
   
(c)  
4.13nm
4.5nm
Particle Size CNP Distance
5.29nm
3.6nm
Particle Size CNP Distance
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(d) 
 
(e)  
 
(f) 
 
(g) 
Figure 2.4: SEM imaging of different CNT/CNP composites at different magnifications: (a, b): CNT 
2%-PAN 1%-PMMA1%; (c): CNT 2%-PAN 0.5%-PMMA1.5%, (d, e): nanocarbon diameter and 
distance between nanocarbons distribution in S3 (f, g). 
 
The synergy between shear applied chain extension and CNT induced epitaxy can be 
explained, where firstly, the graphitic structure of CNTs can induce polymer epitaxy 
for interfacial nucleation and secondly the presence of the shearing forces has an effect 
on initiating the coil-stretch transition and also growth of the fibrillary nuclei including 
of extended chains[143] .The formation of the PAN coating on the MWCNT substrate 
for the samples not subjected to the carbonization process shows that the CNT walls 
are coated with extended chain PAN molecules. In a solution consisting of CNT, PAN 
and PMMA, the localized CNP coated on CNT matrix after carbonization, 
demonstrates a novel structure that entitled cheetah skin morphology. (Figure 2.4)  
25.53n
m
3.1nm
Particle Size CNP Distance
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Different PAN/PMMA ratio influences the morphology of the polymer coating on 
CNTs. Due to evaporation of PMMA during the carbonization process and forming of 
CNP on CNT, various morphologies of cheetah skin structure in terms of particle mean 
diameter and distance between particles were observed. During solution preparation, 
sonication, shearing and finally stabilization/carbonization of the composite, PAN will 
experience changes in solution concentration, temperature and shear forces as well as 
bonding/debonding with PMMA which affects interfacial crystallization. Interfacial 
bonding of the PAN and PMMA is occurred in the early stages during solution 
preparation and remained stable until composites are exposed to the higher 
temperature in carbonization process that causes the removing of PMMA from the 
composite and changing the PAN into the nano-carbon particles on the CNT surface.  
Figure 4 shows the formation of the cheetah skin PAN coating on the MWCNT 
substrate after stabilization and carbonization of CNT/PAN/PMMA mix. It is observed 
that the cheetah skin coating consists of nano carbon particles coated on CNT walls in 
different locations with circular shape in order of ≤10nm. The evaporation of the 
PMMA during the different steps of carbonization and creation of a porous structure 
with free space for PMMA molecules.  it is observed that by increasing the content of 
PAN, the CNP size is increased from 4.13nm for composite sample containing CNT 
2%-PAN 0.5% -PMMA 1.5% to 5.29nm for samples with CNT2% -PAN 1%-
PMMA1% and finally to 25.53nm for composite of CNT 2%-PAN 1.5% -PMMA 
0.5%. On the other hand, for the same set of composite samples the distance between 
particles decreased from 4.5 to 3.6 and finally to 3.1nm, respectively. This is possibly 
due to aggregation of CNPs and formation of large particles in samples with high 
concentration of PAN. The schematic of formation of different morphologies 
consisting of tubular coating of PAN on CNT and cheetah skin structure that lead to 
small, medium and large-sized morphologies of second phase are showed in figure 2.5. 
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Figure 2.5: Schematic of formation of different morphologies on the surface of CNT: (a): Tubular 
coating, (b) cheetah skin structure with small particle size. (c) : cheetah skin structure with medium 
particle size, (d) cheetah skin structure with large particle size. 
 
2.3.2. Raman Spectroscopy 
CNT/CNP composites were analyzed via RAMAN spectroscopy to study the changes 
in the degree of the graphitization in different samples. As shown in figure 2.6, two 
typical RAMAN peaks, the so-called D-band at around 1,358 cm−1 and G -band at 
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around 1,588 cm−1 were observed. The RAMAN D-band is assigned to the structural 
disorder and the G-band attributed to graphitic planes. The ID/IG for as received CNTs 
0.64 and it is increased to 0.73 for composite containing CNT2%-PAN 2%. By 
focusing on the changes of the value of the ID/IG for other samples, it is completely 
seen that fabrication of cheetah skin structure on the surface of CNT lead to increase 
in the graphitic structure formation compared to S1 samples that just contains tubular 
coating. (All values of ID/IG for cheetah skin structure are less than pure CNT). It can 
be concluded that the carbonization process of CNT/CNP composites consist of the 
transformation of neat graphite to nano crystalline graphite and further sp3 amorphous 
carbon as carbon changed its structure during the process, ID/IG will first increase due 
to the defects in the graphite structure. This will then followed by decrease in ID/IG 
because of nanocrystalline graphite formation and further decrease due to formation 
Figure 2.6: Raman spectra of composite: a: CNT2%-PAN 2 %( S1), b: CNT2%-PAN 1.5%-PMMA 
0.5% (S2): c: CNT2%-PAN 1%-PMMA1% (S3); and d: CNT 2%-PAN 0.5%-PMMA 1.5% (S4). 
 
Tubular 
Coating 
Cheetah skin 
structure 
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of amorphous carbon[144]. It is observed that the cheetah skin coated samples with 
higher amount of PAN (S2) has lower ID/IG compared to composite samples with lower 
amount of PAN (S3, S4). It can be attributed to the change of PAN particles to 
crystalline CNPs during the carbonization process. However, the lower amount of 
PAN contributed to less-crystalline structure compared to high PAN-contained sample 
(S2). The D band refers to carbon nano particles that are slightly graphitized consists 
of sp2+sp3. These "disorder" in Raman spectroscopy indicates the amount of 
"graphitic" morphology at the carb carbon surface. therefore, in the present work, the 
term "disorder" implies the perturbation of the smoothly stratified long graphite layers 
by finite-size crystals and/or discontinuities introduced by the graphite plane edges 
exposed at the surface and near-surface of the CNPs[145].  
The idea is that these graphitic carbon fabricated from PAN in tubular coating structure 
are trapped by different CNTs and due to their morphology and distribution, they did 
not  have enough time and right temperature to become crystal graphite (sp3); however 
for the other samples containing of CNP forming of cheetah skin structure due to the 
size of particles and free spaces between them , the heat diffusion during carbonization 
process is significantly improved and formation of crystalline graphitic structure is 
accelerated.  
Several parameters have an effect on heat distribution throughout the samples during 
thermal treatment. Film thickness of the composite may also contribute to the under 
stabilization. Focusing on this idea that oxidation happened during stabilization is a 
Figure 2.7: Diffusion for Air and Volatiles in different structures 
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diffusion-controlled process[146], the inner parts of thicker samples may not get 
enough air for a complete stabilization. Similarly, the volatiles as by-products from the 
chemical reactions during thermal process may not easily diffuse[115] (Figure 2.7). 
2.3.3. TEM imaging 
Figure 2.8 shows the different TEM images of cheetah skin structure formed on the 
surface of CNT.  There is a high level of similarity between as fabricated carbon nano-
particles localized on CNT in this work (cheetah skin structure) with typical NanoBud, 
a single isolated fullerene attached to the side-wall of the single-wall carbon nanotube 
reported previously[122] . Like nanobuds on CNT, our CNT/CNP could have several 
applications due to expected properties such as, uniform dispersion, chemical 
reactivity and variable band gap electronic structure. Furthermore, changing the 
PAN/PMMA ratio gives the ability to control the population and morphology of the 
CNP as a result of selective localization on CNT template. Also, the attached CNPs 
could influence the bundling adhesion forces and therefore enhance dispersion of the 
material through prevention of slipping of CNTs in composites. Development of 
carbon nanoparticle coated CNTs, could potentially improve dispersion and leads to 
improved mechanical properties. Moreover, owing to the charge transport between 
MWCNTs and CNP, both electrical and optical properties of the material can be tuned. 
The potential use of nanohybrid in composites where the CNP may provide extra 
anchor site for the CNT in the matrix can be expected for the CNT/CNP hybrid 
composites[122].providing more efficient anchorage resulted from greater bonding 
between two phases consisting of CNPs and CNT[147, 148]. 
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Figure 2.8: TEM imaging of cheetah skin structure in (a, b, c) CNT2%-PAN 0.5%-PMMA 1.5%, (d): 
Transmission electron micrograph of a single isolated fullerene attached to the side-wall of the single-
wall carbon nanotube[7] with permission from publisher and (e, f, g) CNT2%-PAN 1.5%-PMMA 
0.5% composite, (h): CNT2%-PAN 1%-PMMA 1% composite (Dashed circles indicated CNPs.) 
2.3.4. XRD 
Chemical composition of the CNT/PAN samples (before and after carbonization) as 
well pure CNT, PAN and PMMA are provided in figure 2.9. The pure PAN and 
composite sample without carbonization process exhibit a peak (110) at around 17°  
(a) 
(e) (f) 
(d) 
(b) 
(g) 
(c) 
(h) 
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related to existence of the PAN There is not any significant changes occurs around 17° 
for other samples which is due to the  in structure of PAN to carbon nano particles 
during the carbonization process accompanying with templating CNT.  
 
Figure 2.9: XRD patterns of CNT-PAN composites: (a) before carbonization; (b) after carbonization 
 
Typically a single (1 1 0) peak is observed, as is the case for the PAN control film. 
The presence of the (1 1 0) is indicative of higher crystal perfection for the PAN 
polymer in the composites. The peak (120)/ (020) in PAN and CNT/PAN composites 
in PAN and CNT/PAN composites samples are located around 30°.The Peak (002) 
and (100) are related to graphite and carbon, respectively, and has been detected in all 
CNT/PAN composites and pure CNT. Also peak (101) and (420) were observed for 
CNT-PAN composites at around 42, 44° respectively. CNT act as a template for 
alignment and preventing shrinkage during stabilization/carbonization. It is vital to 
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maintain PAN extended-chain configuration to increase formation of the cyclized 
Structure, which will then promote the formation of graphite, sheets during 
carbonization[115] . (See table 2.2) 
Table 2.2:Interlayer spacing and crystal planes for pristine CNT, PAN and CNT/PAN composites 
  
To quantify the effects of different processing conditions, consist of 
CNT/PAN/PMMA ratio and stabilization/ carbonization process on crystallite 
structure, interlayer spacing of different samples was calculated based on Bragg Law. 
As seen in table 2.2 the interlayer spacing of different samples does not show 
significant differences at the same crystallographic plane, however the interlayer 
spacing of PAN peak (110) are larger  than other peaks for  samples with no heat 
treatment process.  
2.3.5. Selected area electron diffraction (SAED)  
SAED pattern is carried out to identify crystal structures and examine crystal defects. 
The SAED patterns of composites S1, S4 are shown in figure 2.10. The layer spacing 
diameter calculated from SAED patterns of these composites are like the layer spacing 
determined from XRD. In the case of composite S4, layer spacing dimeter of (002), 
Sample 
Crystal plane 
 110 020/120 002 
(Graphite) 
100 
(Carbon) 
101 420 
As-received CNT 
2 θ(deg) - - 26.011 42.359 42.75 44.31 
d spacing(nm) 0.342 0.213 0.211 0.204 
As-received PAN 
2 θ(deg) 16.93 29.14 - - - - 
d spacing(nm) 0.523 0.306 
S1-BC 
2 θ(deg) 16.77 29.05 25.925 42.665 43.270 44.230 
d spacing(nm) 0.528 0.307 0.343 0.211 0.209 0.206 
S2-BC 
2 θ(deg) 16.93 29.29 25.84 42.82 43.135 44.46 
d spacing(nm) 5.23 3.04 0.344 0.211 0.209 0.204 
S3-BC 
2 θ(deg) 17.003 29.56 26.065 42.238 43.253 44.425 
d spacing(nm) 0.521 0.303 0.341 0.214 0.209 0.203 
S4-BC 
2 θ(deg) 16.63 29.28 25.88 42.227 42.95 44.196 
d spacing(nm) 0.5324 0.304 0.343 0.213 0.211 0.204 
S1-AC 
2 θ(deg) - - 25.85 42.28 42.9 44.30 
d spacing(nm) - - 0.344 0.213 0.211 0.203 
S2-AC 
2 θ(deg) - - 26.011 42.203 43.141 44.50 
d spacing(nm) - - 0.342 0.213 0.209 0.203 
S3-AC 
2 θ(deg) - - 25.77 43.22 42.989 44.63 
d spacing(nm) - - 0.344 0.209 0.210 0.202 
S4-AC 
2 θ(deg) - - 25.85 42.125 42.907 44.55 
d spacing(nm) - - 0.344 0.214 0.211 0.203 
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(100) and (102) are 0.34, 0.20 and 0.17nm respectively, while in composite S1, layer 
spacing dimeter of (002), (100) and (102) are 0.34, 0.21 and 0.17nm respectively.  
 
  
Figure 2.10: SAED pattern of (a) CNT 2%-PAN 0.5%-PMMA 1.5 % and (b) CNT 2%-PAN 2% 
 
2.3.6. Thermogravimetric analysis (TGA) 
TGA analysis was performed to investigate the change in thermal properties of the 
CNT/PAN composites under different processing conditions. Also by changing in 
chemical composition of the solution, the change in degradation mechanism and 
thermal stability have been traced. The degradation pattern of CNT-PAN composites 
is related to the intrinsic characteristic of the CNT and the CNT/PAN/PMMA ratio for 
different composites. In addition, the effect of stabilization and carbonization process 
have a significant impact on increasing the degradation temperature of all CNT-PAN 
samples. The improvement in the degradation temperature and thermal stability of the 
composites after thermal treatment are varied (Figure 2.11).  Large increases in S3 
samples is observed and relatively small enhancement is found for S1 composite. By 
increasing the amount of PMMA in samples without carbonization, the degradation 
temperature decreased due to lower degradation temperature of the PMMA and its 
effect on CNT/PAN/PMMA composites.  
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The pure CNT shows the maximum degradation temperature due to the intrinsic 
characteristics of CNT. Based on the Raman analysis, different CNT-PAN composites 
demonstrate different ID/IG due to different defect density compared to pure CNT. 
 
 
(a) (b) 
 
(c) 
 
(d) 
Figure 2.11: TGA diagram of CNT-PAN composite (a) before carbonization and (b) after 
carbonization; (c) degradation temperature of different composites and (d) change of degradation 
temperature of composites. 
 
This is due to the existence of PMMA and PAN in samples without carbonization, but 
after thermal treatment process, the defects or disordered present in the graphitic walls 
tend to create  instability which promote  CNT degradation and unzipping[149]. It is 
believed that large improvement in thermal stability of the CNT-PAN composites is 
related to the formation of prevalent graphite structure. By changing the CNT/PAN 
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ratio, the density of the graphitic structure formation in CNT-PAN composite is 
decreased due to existence of amorphous carbon structure in carbonized composites. 
Based on the idea that presented for analysing the Raman spectroscopy results, these 
CNPs are trapped by different CNTs and due to their morphology and distribution, 
they did not have enough time and right temperature to become crystal graphite (sp3). 
2.4.  Summary 
In summary, this study demonstrates the localization of CNP on MWCNT template 
and confinement of the CNP molecules in interphase structure surrounding the CNTs. 
Two different structures consist of tubular coating and cheetah skin coating observed 
in CNT/PAN/PMMA composite. The tubular coating development is consisted of the 
formation of the fully coated polymer on the surface of the CNT and then applying the 
heat treatment process. It is believed that the formation of coating on CNT is easier for 
planar zigzag conformation compared to helical polymers due to the reduction of 
regularity and contacting density caused by less symmetry of the helix as well as the 
presence of bulky side groups. This phenomenon is recently used for formation of 
different shish kebab structure on PE and PP [8, 115, 140]. 
For better bonding of surface modified CNT with any matrix, it has been shown that 
the existence of surface modified CNT through development of cheetah skin CNT due 
to formation of different particles on the surface and existence of the empty spaces 
between them, provide better bonding with the matrix. It is confirmed that formation 
of particle-empty space-particle pattern on the surface of CNT through cheetah skin 
structure is more practical for prevention of agglomeration in a matrix and enhancing 
the mechanical performance through load transfer when compared to fully tubular 
coating on the surface of CNT.  
The PMMA work as a matrix for dispersion of PAN particles when mixing with CNT. 
The CNT work as a template and the bonding between PMMA and CNT could be 
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weak physical bonding that the energy from stabilization process can destroy this 
bonding and just the nanocarbon remained on CNT. The effect of heat treatment 
process for evaporating the PMMA and formation of cheetah skin structure including 
carbon nano particles on CNT substrates and the ability to fabricate the selective 
localized CNT/CNP composite. The fully evaporation of the PMMA has been 
performed through designing of the long stabilization treatment and slow 
carbonization process to fully evaporate the PMMA. Due to formation of nanocarbon 
on CNT, with change in PAN/PMMA ratio, the size of nanocarbon and distance 
between them can be controlled , so periodically patterned CNT/CNP nanohybrid 
composite could lead to the development of the high-performance carbon based 
materials for high-tech applications in biotechnology, nano electronics and energy 
storage devices.  
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Chapter 3 
Periodical Patterning of a fully tailored nanocarbon on 
CNT for fabrication of high density polyethylene 
nanocomposite 
 
Abstract 
To overcome the weak interfacial bonding between carbon nanotubes (CNT) and 
the polymer and to achieve an effective load transfer in composites, surface 
modification of the filler is an elegant approach. In this study, surface modification of 
CNT was performed through developing a new morphology containing carbon nano 
particles periodically patterned on CNT; entitled cheetah skin CNT. Compared to 
pristine CNT, the use of cheetah skin-CNT resulted in an enhanced interfacial bonding 
with PE. Addition of only 2% CNT into PE matrix led to 35% and 51% increase 
in elastic modulus of composite containing pristine and cheetah skin CNT, 
respectively. 
3.1.Introduction 
Composites materials where two or more constituents are used to fabricate a new 
material gained considerable interests in industry and academia over the past decades. 
By combining inherent ductility and toughness of a polymeric matrix with high 
stiffness and high specific strength materials, such as ceramic filaments, carbon fibers 
or carbon nanotubes, it is possible to fabricate composite materials that can overcome 
performance issues with potential applications in nanoelectronic, structural and 
medical applications [1-6] . The incorporation of such reinforcements into matrices 
significantly improves the hardness, tensile strength, elastic modulus and other 
mechanical properties [3, 18, 125-129, 150-155]. High density polyethylene (HDPE) 
is a widely used polymer due to its excellent mechanical, physical and chemical 
properties [18, 156]. Due to the balance of mechanical performance and ease of 
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process in addition to low cost,  HDPE is used in various industries[74, 157] including 
automotive, aerospace and  electronics [158]. Carbon Nanotubes (CNTs)  set a 
landmark by Iijima in 1991[7] for its remarkable structural and mechanical 
performance . Carbon Nanotubes, obtained from the bonding of carbon atoms to form 
graphene sheet, has unique properties of low mass density, high flexibility and large 
aspect ratio [67, 90, 102, 159, 160]. The exceptional properties of CNT make it a 
promising reinforcement for polyethylene to enhance physical and mechanical 
properties [18, 19]. There have been several reports on the use of CNT in HDPE 
matrix[20-24]; however,  the main challenge of agglomeration of CNT during the 
manufacturing process of CNT/HDPE composite still remains[19]. It is well known 
that the  homogeneous dispersion of CNT in polymeric matrix is required in order to 
transform the applied load effectively from CNT to HDPE to enhance the mechanical 
and physical properties of HDPE/CNT composites[19]. 
In order to overcome the challenges associated with the dispersion of CNT within 
matrix, several techniques have been used to obtain a homogenous dispersion of CNTs 
in composites [18, 20, 25, 26]. This includes  use of shearing loads[27] and high energy 
sonication as well as surface treatment of CNT [2, 28, 29]. It has been shown that there 
is a significant improvement in thermal and mechanical properties of CNT-polymer 
composites when surface treatment approaches are used [30, 31]. Although the 
uniform and homogenous dispersion of CNTs in polymer is vital to obtain high 
performance composites but the orientation and interfacial bonding of polymer and 
CNT play an important role as well.[161] . In this study, CNT with a novel cheetah 
skin morphology, through periodical patterning technique, was developed and used to 
reinforce HDPE based composites. The influence of using cheetah skin CNT on the 
structure and properties of composites was investigated and compared with use of 
pristine CNT filler. 
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3.2.Experimental 
3.2.1. Materials 
Multiwalled carbon nanotube with outer diameter 20-30nm, length 0.5-2µm and 
purity>95% purchased from Arry Nano company (Germany). High-density 
polyethylene (HDPE) was supplied by Qenos Company, Australia. Polyacrylonitrile 
(PAN) and Poly (methyl methacrylate) (PMMA) were obtained from Sigma-Aldrich 
(Sydney, Australia). N, N-Dimethyleformmamide (DMF) (≥99.8) solvent was 
purchased from LES, Deakin University (Australia). 
 
3.2.2. Preparation of the cheetah skin CNT 
Surface modification and periodical patterning of carbon nanotube are described 
elsewhere[2]. As received carbon nanotube were added into DMF and sonicated for 1 
hr with high-powered probe sonicator to make a well-dispersed solution. In parallel, 
PAN and PMMA were gently mixed with DMF to obtain a homogeneous solution. 
The resulted mixture was then added into CNT/DMF solution and immediately 
transferred for further sonication and stirring for 24hr in total.  
To explore the effect of heat treatment on morphological property of CNT/CNP 
composite, a GERO tube furnace with an alumina tube was used to stabilize and 
carbonize samples. In Air stabilisation process, the temperature was gradually 
(1°C/min) increased to 285°C and maintained isothermal for 10hr. Then it was ramped 
up again to 330°C (1°C/min), and remained for 3hr and then slowly cooled down to 
room temperature with the same rate. For carbonisation process in Argon, the 
temperature ramped up rapidly from room temperature to 1100°C at (5°C/min) and 
maintained only for 5 minutes and gradually cooled down to 25°C. 
3.2.3. Melt dispersion of the Polyethylene based composite 
Various HDPE samples including the nanofiller were prepared according to table 3.1 
using a twin-screw extruder. The three different zones of the extruder were all kept at 
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140°C and the mixing process took 20 minutes for all composites. Samples were then 
cut into small pieces and 1mm thick HDPE nanocomposite plates were fabricated 
using a hot press at 200°C for 10min and then slowly cooled down to room temperature 
under the pressure (90psi). 
Table 3.1: HDPE/CNT nanocomposites 
Sample code Filler content (%) 
Pure PE 0 
M0.1 0.1 pristine CNT 
M0.5 0.5 pristine CNT 
M1 1 pristine CNT 
M2 2 pristine CNT 
PN0.1 0.1 Cheetah skin CNT 
PN0.5 0.5 Cheetah skin CNT 
PN1 1 Cheetah skin CNT 
PN2       2 Cheetah skin CNT 
 
3.2.4. Characterisation techniques 
3.2.4.1.Advanced electron microscopy 
Morphological imaging of the composites was conducted using Zeiss Supra 55VP 
SEM after sputter coating the samples with gold. In addition, a JEOL 2100 
transmission electron microscope (TEM) operating at an accelerating voltage of 
200kV was used for TEM imaging. 
3.2.4.2.Differential scanning calorimetry (DSC) 
DSC thermographs of PE based nanocomposites were obtained through heating the 
samples from room temperature to 200˚C with heating rate of 10˚C/min. This was 
conducted on a TA Instrument Q200 differential scanning calorimeter. 
 67 C h a p t e r  3 :  P e r i o d i c a l  P a t t e r n i n g  o f  f u l l y  t a i l o r e d …  
3.2.4.3.Contact Angle 
To address the effect of adding the nano filler on surface property of the PE based 
composite, the contact angle of each samples was calculated by a water droplet on 
surface of composite. 
3.2.4.4.Thermo‐Gravimetrical Analysis 
Thermo‐Gravimetrical Analysis (TGA) measurement was performed through heating 
the CNTs from room temperature to 900˚C at air atmosphere with heating rate of 
10˚C/min to monitor weight loss behaviour of different fillers during the reaction to 
discuss about thermal degradation and thermal stability of the filler due to surface 
modification.  
3.2.4.5.Thermal Conductivity 
The thermal conductivity test of PE/CNT and PE/Cheetah skin CNT composites was 
carried out using Netzsch LFA457 instrument. Samples were coated with graphite 
before the experiment and test performed in Argon atmosphere (gas flow: 60ml/min) 
in two different temperatures 40 and 80°C. 
3.2.4.6.Tensile Strength 
A dog bone-shaped specimen was fabricated according to the ASTM: D638. The 
tensile strength examination of PE/CNT and PE/Cheetah skin CNT composites was 
carried out using an Instron 5967 (40mm/min) at room temperature. 
3.3.Results and discussions 
3.3.1. Cheetah skin CNT  
3.3.1.1.Structural Characterisation 
To overcome the challenging issues associated with agglomeration of pristine CNT in 
polymer matrix, surface modification of CNT is often conducted as a practical 
approach.  
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(c) 
(d) (e) 
PAN/PMMA composite coated on the 
surface of  CNT 
PAN particles in 
PMMA matrix before 
heat treatment Carbon Nano particles formed cheetah skin 
structure on the surface of CNT 
Carbon Nano particles  Multi walled CNT 
Multi walled CNT 
(a) (b) 
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Figure 3.1: Schematic of formation of different morphologies on the surface of CNT: (a): Tubular 
coating before carbonization process; (b): cheetah skin structure with controllable carbon nano 
patterned on surface ;(c): Pristine CNT; (d, e): Tubular CNT ;( f,g) : Cheetah skin CNT. 
Figure 3.1 shows SEM images of samples, revealing the microstructural characteristics 
of cheetah skin CNT and pristine CNT after carbonization process. It is observed that 
the first step in formation of CNT/PAN/PMMA structure involves the tubular coating 
of PAN/PMMA on CNT surface. In this structure, PMMA works as a matrix for PAN 
particles to form a continuous coating on the surface of nanotubes. It is well known 
that immiscible polymer blends can form matrix-disperse morphology [2, 141, 142] . 
This idea is used in formation of PAN/PMMA blend onto the surface of CNT. During 
the stabilization and carbonization process in argon atmosphere, PMMA is evaporated 
and PAN particles chemically changed to carbon nano particles (CNP) on CNT, 
developing a cheetah skin structure. The forming mechanism of PAN/PMMA on CNT 
is related to the attraction of polymer chains to each other to form  a long range 3-D 
pattern.[53]. As heat treatment and solvent evaporation, control the crystallization 
step, changing the shearing parameters can lead to direct crystallization in 
CNT/PAN/PMMA system due to variation in stress and polymer orientation around 
particles[115, 143].  
  
(f) (g) 
Carbon nanoparticles (CNPs) 
attached to the surface of CNT 
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Figure 3.2: TEM imaging of cheetah skin structure in cheetah skin CNT in different magnification. 
The yellow circles indicating the nanocarbons derived from PAN/PMMA through carbonization 
process attached onto the surface of CNTs developing a cheetah skin CNT.  
The shape of the “cheetah skin structure” developed herein can be fully tailored in 
terms of changes in carbon nano particle mean diameter and their distances from each 
other. Various fabrication parameters such as stirring temperature/time, sonication 
intensity/time and heat treatment have a significant impact on formation of strong 
interfacial bonding between PAN and PMMA and final binding with CNT. The 
cheetah skin structure provide the periodical patterned CNT with some free spaces on 
the surface to prevent any agglomeration when introduced into any matrix. (See fig 
3.2) 
Nanocarbons attached to the 
surface of CNT 
Nanocarbons attached to the 
surface of CNT 
Nanocarbons attached to the 
surface of CNT 
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3.3.1.2.Thermal stability of the Cheetah skin CNT 
TGA analysis of CNT/PAN/PMMA composites before and after inclusion into the 
polymer matrix were performed to study the change in thermal stability and 
degradation temperature of CNT/PAN composites (Table 3.2).  
 
Figure 3.3: Thermal degradation profile of CNT/PAN/PMMA composite before and after 
carbonisation 
It is of high importance to keep the outstanding degradation stability of pristine CNT 
when fabricating the periodical patterned CNT. Analysing the change in degradation 
temperature of pristine and cheetah skin CNT, shows that the degradation temperature 
of the CNT/PAN /PMMA samples before the carbonization process was fairly low; 
Table 3.2: TGA data of different CNT/PAN/PMMA composites before and after carbonisation 
Sample 
Tonset(°C)  T10(°C)  T30(°C)  T50(°C)  
Temperature at 
5%mass loss 
Temperature at 
10%mass loss 
Temperature at 
30%mass loss 
Temperature at 
50%mass loss 
Pure PMMA 259 275.79 298.29 336.39 
Pure PAN 314.47 327.83 471.81 534.03 
Pristine CNT 564.85 600.23 647.58 666.36 
CNT/PAN/PMMA Composite 
(before heat treatment) 
277.89 301.52 412.72 587.25 
Cheetah skin CNT                  
(after heat treatment) 
472.60 490.37 565 593.42 
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however after stabilization and carbonization process and due to the formation of 
carbon nano particles on the surface of  CNT, the degradation temperature reach to 
near of pristine CNT. (277.89 And 472.60°C at 5%mass loss for CNT/PAN/PMMA 
and cheetah skin CNT, respectively).  
There is a possibility to further increase the degradation temperature of 
CNT/PAN/PMMA by further increase in  graphitic structure using the graphitization 
process at 1500 to 2200 °C[2]. 
3.3.1.3.Dispersion Stability in Solvent 
Figure 3.4 shows the dispersion stability of pristine CNT and cheetah skin CNT in 
DMF. Unmodified CNT were completely non-dispersible in DMF. We noticed that it 
only took 60 minutes for a solution of unmodified CNT sonicated for 60 minutes to 
completely sediment. This could be due to the  van der vaals interactions between nano 
tubes[26]. On the other hand, the dispersibility of cheetah skin carbon nanotubes 
completely changed after periodical patterning onto the surface of CNT. As PAN 
particles changed to carbon nano particles during the carbonization process and 
PMMA evaporated during the thermal treatment, the final configuration of the surface 
is completely different from smooth pristine CNT. The Cheetah skin CNT consist of 
carbon nano particles that acts as a barrier for attaching of carbon nanotubes together 
and therefore prevent the agglomeration of nanotubes. This phenomenon resulted in 
high dispersibility of cheetah skin CNT in DMF and the solution was found to be stable 
even up to six month after preparation (compared to 60 minutes for pristine CNT). 
High dispersibility of cheetah skin CNT in DMF makes it an ideal filler for 
development of high performance nanocomposites where the challenging issue is often 
the non-homogenous dispersion and agglomeration of the nanofillers within polymer 
matrix. 
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Figure 3.4: Dispersion Stability of the pristine CNT and Cheetah skin CNT in DMF solvent 
  
3.3.2. PE based Composites 
As described in the experimental section, we studied three samples; (1) pure 
polyethylene sample without any filler. (2) Polyethylene based composites reinforced 
by pristine carbon nanotube and (3) polyethylene based composite reinforced by 
cheetah skin–CNT. The process of fabrication of composites and pure PE samples was 
the same for all samples in terms of mixing time, processing temperature, hot-press 
time, pressure and temperature. As is seen in figures 3.5 and 3.6, at constant mixing 
parameters, addition of carbon nanotubes (pristine and cheetah skin) to HDPE caused 
a morphology change in HDPE. This change occurred because the thermal 
conductivity of the CNTs are so much higher than that of the pure PE that it led to a 
dominant cold-weld mechanism during mixing. In fact, the temperature experienced 
by the polyethylene particles during mixing and hot press process was of high 
importance in determining the nature of the final morphology. In both samples, due to 
low amount of filler used for fabrication of composites, CNTs can act as a nucleating 
agent for crystalline structure. It is believed that most of the mechanical energy 
t=0min t=30min t=60min 
t=0min t=3 month t=6 month 
Pristine CNT in DMF 
Cheetah Skin CNT in DMF 
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imparted to the powders/pellets during mixing or milling is transformed into heat that 
raises the temperature of the polyethylene. The local temperature increase makes 
polyethylene powders soft and finally melts them all. As a second phase, CNTs could 
potentially  cause  a more uniform  heat distribution within  matrix under the same 
processing conditions, the melted  zones in polyethylene/CNT composites is much 
larger than that of pure polyethylene. 
3.3.2.1.Structural characterisation of PE based composite 
As shown in Figures 3.5 and 3.6, no obvious large agglomerates were found in either 
nanocomposite, suggesting that the pristine CNTs and cheetah skin-CNT were well 
dispersed in HDPE matrix by the melt mixing process and that there is a good adhesion 
and interfacial bonding between filler and polymeric matrix. Nevertheless, in 
composites containing cheetah skin CNT the degree of homogenous dispersion is 
much higher compared to pristine CNT/PE composite (compare figures 3.5f and 3.6e). 
This phenomenon can be contributed to the formation of periodical patterned 
morphology on pristine CNT in cheetah skin CNT that resulted in less agglomeration 
in HDPE matrix and better dispersion. Also, by comparison of the morphological 
properties of composites reinforced with both nano-carbon fillers, it can be clearly seen 
that the PE-cheetah skin CNT composite possess a rougher surface compared to PE/ 
CNT sample. Much stronger physical entanglement interactions can only be realized 
through a thicker coating layer that function as bridges to improve the load transfer 
between the fillers and the matrix, thus resulting in a 30% increase in the elastic 
modulus for the HDPE/Cheetah skin CNT composite[56]. 
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Figure 3.5: Structure of high-density polyethylene/pristine CNT composite (a,b,c):M2 ; (d,e,f):M0.1 . 
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Figure 3.6: Structure of high-density polyethylene/cheetah skin CNT composite (a,b,c):PN1 ; (d,e,f): 
PN2 
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Figure 3.7: TEM imaging of PE-Cheetah skin CNT at various magnifications. The yellow circles 
indicating the nanocarbon derived from PAN/PMMA through carbonization process coated onto the 
surface of CNT in cheetah skin CNT reinforced PE. 
The TEM images of cheetah skin reinforced PE composites are shown in figure 3.7. It 
can be clearly seen that the carbon nanotube bonded with the HDPE matrix and there 
is a free space between tubes thanks to the carbon nano particles formed onto the 
surface of CNTs. 
 
3.3.2.2.Mechanical Properties of PE Composites 
Figure 3.8 presents the change in mechanical properties of PE based composites 
reinforced with pristine CNT and cheetah skin –CNT as a function of filler content. 
With increase in filler content,   tensile strength and elastic modulus of the composites 
improved compared to pure PE. This is due to the higher surface area per unit volume 
of CNT, which resulted in improved load transfer and interfacial bonding with matrix 
compared to pure PE. The relation between E modulus and CNT content can be 
described by Eq (3.1) [18]: 
𝐸 = 1.09464 + 0.67723𝑉𝐶𝑁𝑇 − 0.28276𝑉
2
𝐶𝑁𝑇                            (3.1)                
it can be seen that Young’s modulus is directly proportional to the filler content and 
the E modulus of composite with 0.1%,0.5%,1%, 2%  CNT increased by 
12%,25%,26%,35%, respectively, as compared to pure PE. In case of PE-cheetah skin 
CNT, with 0.1%, 0.5%, 1%, 2% cheetah skin-CNT content, the Young’s modulus was 
increased by 13%, 15%, 32%, and 51%, respectively. Due to the periodical patterning 
of carbon nano particles on the surface of CNT in cheetah skin CNT, the agglomeration 
of nanotubes in the matrix was minimal and therefore an enhanced interfacial bonding 
between nanotube and HDPE matrix resulted in more effective load transfer.  
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Figure 3.8: Mechanical properties (mean ±standard deviation) of HDPE based composites; (a): 
Tensile Stress at Yield and (b) Elastic Modulus at different filler content 
In CNT/HDPE composite (Figure. 3.9a), because of the poor interfacial bonding 
between the filler and the HDPE particles, the CNT/HDPE composite was more likely 
to poses defects at interfaces. When under tensile load, the defects transformed into 
(a) 
(b) 
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macro- cracks. The HDPE particles debonded, because of poor load transfer, and the 
composite experienced only limited plastic deformation.  
 
Figure 3.9: Mechanism of deformation in HDPE based composite reinforced with pristine CNT and 
cheetah skin CNT; (a): before tensile testing and (b) after tensile testing 
In the cheetah skin CNT/HDPE composites (Figure. 3.9b), the CNT/CNP layers 
bonded closely and bridged the HDPE particles, and thus improved the interactions 
between the particles via the diffusion of polymer chains. The CNT/CNPs also 
improved the mechanical strength of the polymer interfaces. Hence, the synergetic 
effects of the HDPE and the CNT/CNPs led to remarkable improvements in ductility 
and toughness. Specifically, during the tensile or impact loading, the CNT/HDPE 
layers experienced considerable plastic deformation, leading to the occurrence of 
fibrillation[162]. 
3.3.2.3.Contact angle of the PE based composites 
High-density polyethylene is widely used as an electrical insulator in low voltage 
applications, which may be subjected to different climate conditions. It has been shown 
that the performance of polyethylene could be significantly improved using high 
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performance fillers and stabilizers. Polyethylene insulator’s operating temperature can 
be around 90°C in normal operating condition and  as high as 130°C in over load 
conditions [163];l however ,the issue  is the formation of water treeing in the presence 
of both moisture and high electrical stress that decrease the service life and result in 
failure of the insulator. In all PE based composite reinforced by pristine and cheetah 
skin CNT, the addition of filler increased the hydrophobic property of polyethylene 
matrix, as the water contact angle increased from 45.0° for neat epoxy to 52.9° and 
61.59° for M0.1 and PN0.1 respectively. However, at higher filler content, pristine 
CNT/PE composites demonstrated higher hydrophobicity compared to cheetah skin 
CNT/PE composite (80.66 and 65.929 for M2 and PN2 respectively).  
 
Figure 3.10: The change in Contact angle (mean ±standard deviation) of PE composite by adding 
different amount of filler (water droplet on PE composite) 
Based on the results of the contact angle test, Cassie-Baxter model can be employed 
for PE-CNT composites when surface wetting would be incomplete i.e. the water drop 
is contacting air rather than the matrix. In other words, air trapped in the small space 
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between surface forms a solid/air hydrophobic surface, resulting in a larger contact 
angle. Holding of the liquids at the upside of the texture is attributed to the hydrogen 
bonding with water that is the driving force for surface property changes [164, 165]. 
By increasing the hydrophobicity of the PE through addition of the optimum amount 
of filler, the service life of polyethylene can be largely improved and any failure 
attributed to the water trees absorption on the surface of the polyethylene maybe 
prevented(See figure 3.10). 
3.3.2.4.Thermal Conductivity 
The change in thermal conductivity of PE based composites are shown in figures 3.11 
and 3.12. Both HDPE/pristine CNT and HDPE/cheetah skin CNT composites show a 
sharp increase in thermal conductivity when a small amount of nanotubes was 
introduced.   
 
 
Figure 3.11: Thermal Conductivity (mean ±standard deviation) of HDPE/pristine CNT and 
HDPE/cheetah skin CNT composites 
Addition of only 0.1 wt% pristine CNT and cheetah skin CNT into the HDPE matrix, 
led to more than 100% increase in thermal conductivity of the composites compared 
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to pure PE, however beyond 1wt % filler content, no significant changes in thermal 
conductivity is observed.  
 
 
 
Figure 3.12: Thermal Enhancement Factor (mean ±standard deviation) of HDPE/pristine CNT and 
HDPE/cheetah skin CNT composites at (a):40°C and (b):80°C. 
To better understand the enhancement of the thermal conductivity in nanocomposites 
samples compared to pure PE, the thermal enhancement factor (f) that indicates the 
degree of the enhancement of the thermal conductivity as a result of filler introduction 
was calculated. f is defined as follows: 
(b) 
(a) 
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𝑓 =
𝑇𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒− 𝑇𝑚𝑎𝑡𝑟𝑖𝑥
𝑇𝑚𝑎𝑡𝑟𝑖𝑥
        (3.2) 
Where Tcomposite represent the thermal conductivity of the HDPE/pristine CNT or 
HDPE/cheetah skin CNT and Tmatrix is the thermal conductivity of the pure HDPE.  
As shown in figure 3.12, enhancement of HDPE/cheetah skin CNT is larger than that 
of HDPE/pristine CNT at all filler contents  that can be related to the better interfacial 
bonding in HDPE/cheetah skin CNT and uniform dispersion in HDPE matrix due to 
the periodical pattern on the surface of CNT.  This could be due to the entanglement 
of nanotubes and a higher interface resistance between CNTs and PE compared with 
that between CNT/CNPs and PE [166, 167]. 
3.4. Summary 
In summary, this research demonstrates the periodical patterning of carbon nano 
particles on CNT template and confinement of the CNP molecules in interphase 
structure surrounding the CNTs. In terms of thermal degradation stability, the 
formation of cheetah skin CNT is consisting of coating of nanocarbon on CNT, so it 
is a combination of amorphous and graphitical carbon on CNT. So the pure CNT has 
more graphitical zone compared to pure CNT and the amount of disorder and defect 
in cheetah skin CNT are higher than that of pure CNT that lead to a lower thermal 
stability, however the degradation stability of cheetah skin CNT is comparable to pure 
CNT and didn’t dropped dramatically(just only 50°C).  The change in mechanical and 
physical performance of HDPE based composites reinforced by pristine and cheetah 
skin CNT was investigated. It was found that due to the selectively localized nano 
carbon onto its surface, cheetah skin CNT form a better interfacial bonding with HDPE 
when compared to pristine CNT; leading to the higher elastic modulus and tensile 
strength. To avoid the decrease in ductility of composite, all the filler percentages are 
selected in the range between 0.1 to 2 wt. %. It is confirmed that in this range the filler 
can work as a nucleating agent for formation of composite crystals better than pure 
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HDPE, however at higher percentage of the filler, the decrease in ductility are obvious 
that is not the case here. The cross sectional SEM of the tensile strength tests samples 
showed that the type of the fracture in cheetah CNT/PE is ductile compared to brittle 
fracture in CNT/PE. This fracture is completely followed by better bonding of the filler 
to matrix. It is believed that due to nucleating effect of the CNT, the portion of crystals 
in composite is increased in cheetah CNT/PE compared to CNT/PE. Development of 
the cheetah skin CNT make a nanoscale barrier for CNT agglomeration which result 
in a better physiochemical performance compared to pure HDPE. The periodically 
patterned CNT/CNP nanohybrid provide a platform for the development of high 
performance fillers for composite applications. It is believed that much stronger 
physical entanglement interactions can only be realized through a thicker coating layer 
that function as bridges to improve the load transfer between the fillers and the matrix.  
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Chapter 4 
Thermomechanical performance of cheetah skin carbon 
nanotube embedded composite: isothermal and non-
isothermal investigation  
Abstract 
Cheetah skin carbon nanotube, a novel periodically patterned nanocarbon on CNT 
synthesized as a highly effective filler for fabrication of high performance composites. 
The advantage of newly developed morphology lies in the fact that the size of 
nanocarbon on CNT and their distance can be fully controlled based on the application 
requirements. Cheetah skin CNT shows an excellent thermal stability and 
dispersibility in a high density polyethylene (HDPE) compared to pristine CNT/HDPE 
composite, making cheetah skin CNT a suitable candidate for fabrication of high 
performance HDPE based composite. The addition of cheetah skin CNT into HDPE 
resulted in a composite with improved thermomechanical properties. Compared with 
the pure HDPE and HDPE/pristine CNT, storage modulus and loss modulus of 
HDPE/cheetah skin CNT improved significantly at low temperatures even with very 
low content of cheetah skin CNT. Also, the thermal stability of the cheetah skin 
CNT/HDPE was found to be significantly higher than that of pristine CNT/HDPE 
composite in both isothermal and non-isothermal degradation performed for 
composites. 
4.1.Introduction 
Polyethylene is the most common used polymer due to its exceptional properties such 
as strength to density, cost effectiveness, durability and light weight [18, 75, 168]. 
They are used mostly in shopping bags, water pipes, construction and in agricultural 
field due to their excellent mechanical and physical properties. However, their usage 
is being restricted due to low thermal stability and physiochemical properties when 
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compared to the other structural materials. The increase in heat stability has become 
the major challenge in extending PE usage for critical applications.  It is well known 
that polymer composites, acquired from blending fillers with  PE  demonstrates  
improved mechanical properties,  melt viscosity, chemical  and thermal stability [56, 
156, 169-172]. A research on polymer based nanocomposites are being extensively 
carried out from past few decades as they are promising materials to traditional 
polymers due to their ability of showing synergistically advanced characteristic 
properties when using few amounts of nanofiller [52, 128, 173-175]. Different filler 
have been used for fabrication of high performance composites based on final 
anticipated mechanical and physical properties of the composite [3, 125, 126, 129, 
151, 152, 154, 155, 176]. Among all fillers, carbon nanotubes (CNT) have been used 
widely for potential applications ranging from nanodevices to macroscopic material 
composites. CNTs displays excellent mechanical strength, thermal conductivity, 
catalysis and electronic properties [2, 102, 159, 177]. CNT’s usually tends to bundle 
together forming agglomeration because of the van der walls attraction between the 
tubes. As CNT’s consists of high thermal stability, the research of CNT/polymer 
composite have attracted lots of interests for using this composite in potential 
applications [160, 178-180]. Moreover, the interaction between CNTs and the polymer 
matrix structures and its matrix composition shows the potential of enhancing the 
thermal degradation of the composite [181].  The functionalization of CNT and 
periodical patterning on CNT have been performed  to achieve uniform dispersion and 
their composition with polymer matrix is one of the challenging aspects which can 
lead to improvements in characteristic properties of polymer composite [182]. The 
improved state of CNT’s dispersion is expected to improve thermos-oxidative stability 
of composite materials [80].  In order to achieve this, a good interfacial bonding 
between HDPE and functionalized CNT’s is must. In this study, there is an attempt to 
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correctly understand the effect of using periodically patterned CNT on 
thermomechanical performance of the HDPE based composites. The cheetah skin 
CNT particles were added into HDPE matrix through melt compounding. The 
degradation stability of the HDPE/pristine CNT and HDPE/cheetah skin CNT were 
investigated to analyse the change in thermal stability of the composite. Through 
isothermal and nonisothermal degradation pattern, the kinetic of degradation was 
studied for composites based on different filler have been used. Also, the 
thermomechanical performance of the composite has been studied through DMA test 
to show the change in storage modulus and tan delta after incorporating of the filler in 
composites. 
 
4.2.Experimental 
4.2.1. Materials 
Multiwalled carbon nanotube (outer diameter: 20-30nm, length 0.5-2µm) purchased 
from Arry Nano company (Germany). High-density polyethylene (HDPE) was 
provided by Qenos Company, Australia. Polyacrylonitrile (PAN) and Poly (methyl 
methacrylate) (PMMA) were purchased from Sigma-Aldrich (Australia). N, N-
Dimethyleformmamide (DMF) (≥99.8) solvent was obtained from LES, Deakin 
University (Australia). 
4.2.2. Preparation of the cheetah skin CNT 
The details of periodical patterning procedure on the surface of CNT described 
elsewhere[2]. CNT powders were mixed gently in DMF for one hour by using high-
energy probe sonicator to make a well-dispersed solution. Then PAN and PMMA (1:1) 
were mixed with DMF and then added into CNT/DMF solution and stirred for 24hr in 
90°C. The CNT/PAN/PMMA composites were dried in vacuum oven in 90°C to make 
a very thin film. 
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To study the effect of thermal treatment on surface property of surface modified CNT 
composite, a GERO tube furnace with an alumina tube was used to stabilize and 
carbonize CNT/PAN/PMMA composites. The composite films were heated to 285 
(1°C/min) in air atmosphere and maintained isothermal for 10hr. Then it was ramped up again 
to 330°C (1°C/min), and remained for 3hr. The carbonisation process was performed in argon 
atmosphere by ramping up the temperature  from room temperature to 1100°C at (5°C/min) 
and maintained only for 5 minutes and gradually cooled down to room temperature. 
4.2.3. Preparation of the Polyethylene based composite 
Fillers were weighted according to Table 1 for different composites. HDPE pellets and 
fillers were mixed by twin-screw extruder through melt dispersion technique. The 
processing temperature of internal mixing of HDPE based composites were kept fixed 
for all samples at the temperature range 140-150°C. The mixing process takes 
20minutes for all composites. After e samples were dried and cut into small pieces, 
Hot pressing of the samples was performed to achieve the 6mm thickness plate of 
HDPE-CNTs for mechanical and physical tests. The hot press carried out at 200°C for 
10min and then cooled down to room temperature under the pressure (9.5bar). 
Table 4.1: HDPE/CNT nanocomposites 
Sample code Filler content (%) 
Pure PE 0 
M0.1 0.1 pure CNT 
M0.5 0.5 pure CNT 
M1 1 pure CNT 
M2 2 pure CNT 
PN0.1 0.1 Cheetah skin CNT 
PN0.5 0.5 Cheetah skin CNT 
PN1 1 Cheetah skin CNT 
PN2 2 Cheetah skin 
CNT 
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4.2.4. Characterisation techniques 
4.2.4.1.Advanced electron microscopy 
Surface properties of the HDPE based composites was analysed using Zeiss Supra 
55VP SEM after gold sputter coating of the samples. In addition, a JEOL 2100 
transmission electron microscope (TEM) operating at an accelerating voltage of 
200kV was used for TEM imaging. 
4.2.4.2.Differential scanning calorimetry (DSC) 
DSC thermographs of PE based nanocomposites were obtained through heating the 
samples from room temperature to 200˚C with heating rate of 10˚C/min. This was 
conducted on a TA Instrument Q200 differential scanning calorimeter. 
4.2.4.3.Dynamic mechanical analysis (DMA) 
Viscoelastic properties were determined using a TA-DMA model Q800. 
Measurements were performed at a heating rate of 5°C/min and constant frequency of 
1.0 Hz for all composites. The samples were scanned for their viscoelastic responses 
including, storage modulus, loss modulus and internal friction (tan delta).  
4.2.4.4.TGA 
Thermo‐Gravimetrical Analysis (TGA) of starting materials was performed through 
heating the samples from room temperature to 600˚C in air atmosphere with heating 
rate of 10˚C/min to monitor weight loss behaviour of different PE based composite 
during the reaction to study the thermal degradation and thermal stability of the PE 
based composite in different filler content. Isothermal decomposition pattern of 
composites were performed at 300,320,340 and 360˚C for 1hr in air atmosphere. 
4.3.Results and discussions 
4.3.1. Cheetah skin CNT  
4.3.1.1.Structural Characterisation 
Surface modification of carbon nanotubes is one of the most practical methods to 
overcome the challenging issues attributed with CNT agglomeration in a matrix [26, 
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183]. Figure 4.1 represents the microstructural characteristics of PAN/PMMA 
composite used for periodical patterning on CNT. IT is obvious that PMMA act as a 
matrix for PAN particles during the melt blending of the mixture. After introduction 
of the PAN/PMMA mixture to CNT/DMF solution to prepare surface modified CNT, 
PAN/PMMA coated on a surface of CNT forms the tubular coating. It is believed that 
immiscible polymer mix can form matrix-disperse structure that makes a continuous 
coating on CNT [2, 141, 142, 184] . This mechanism is used in fabrication of 
PAN/PMMA coating onto CNT. During the heat treatment process, the PMMA is 
evaporated and PAN particles chemically changed to nanocarbons, developing a 
cheetah skin structure. The formation of PAN/PMMA on CNT is directly attributed to 
the polymer chains linking together developing a long range 3-D pattern [2]. Heat 
treatment and solvent evaporation work as a crystallization control step. It is believed 
that changing in shearing parameters have an impact on polymer orientation around 
CNT and direct crystallization in a PMMA/PAN/CNT system [115, 143]. The 
periodically patterned cheetah skin structure is fully controllable in terms of coated 
nanocarbon mean diameter and their distances from each other. By change in 
processing conditions and starting materials content, the final structure of  
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Figure 4.1: Formation of different morphologies on the surface of CNT: (a,b): Tubular coating 
CNT/PAN/PMMA (c) cheetah skin structure with controllable nanocarbon coated on CNT; (d) 
cheetah skin structure with controllable nanocarbon coated on CNT; (e,f) TEM imaging of Cheetah 
skin CNT(yellow circle indicated nanocarbons coated on CNT).  
 
CNT/PAN/PMMA varied significantly due to the change in PAN/PMMA interfacial 
bonding and also nanocarbon/CNT. Due to templating effect of carbon nanotube, 
nanocarbon with circular morphology (average diameter: 5nm) were coated on CNTs. 
The cheetah skin structure provide the surface modified CNT with some free spaces 
on the surface to prevent any agglomeration when used as a filler for HDPE. 
  
  
  
Nanocarbons attached to the 
surface of CNT 
Nanocarbon attached to the 
surface of CNT 
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4.3.1.2.Dispersion Stability in Solvent 
In terms of dispersion stability, CNT is fully non-dispersible in several solvents such 
as DMF and become settle in just 60 min after applying high power sonication process; 
however in case of periodical patterned CNT, in particular Cheetah skin CNT 
developed in this research, the dispersion stability last up to 6month. This could be due 
to the van der Vaals interactions between nano tubes[132] .As PAN converted to 
nanocarbons during the heat treatment process and PMMA evaporated, the final 
configuration of the surface is completely different from smooth unmodified CNT. 
Nanocarbons in cheetah skin CNTs acts as a barrier for CNTs to come together and 
therefore prevent the agglomeration of nanotubes. This phenomenon resulted in high 
dispersibility of cheetah skin CNT in DMF. High dispersibility of cheetah skin CNT 
in DMF makes it an ideal filler for development of high performance nanocomposites 
where the challenging issue is often the non-homogenous dispersion and 
agglomeration of the nanofiller within polymer matrix. 
4.3.1.3.Thermal stability of the Cheetah skin CNT 
TGA analysis of PAN/PMMA/CNT composites before and after using in HDPE based 
composites was performed to analyse the changes in thermal degradation mechanism 
of surface modified CNTs (Figure. 4.2).  It is very important to maintain the excellent 
thermal stability of the pristine CNT when designing the new CNT based structure 
including periodical patterned CNT.  The TGA analysis of the samples performed in 
an air atmosphere shows that the degradation temperature of the PMMA/PAN/CNT 
composites before the heat treatment process was really low; however, after 
carbonization step, due to evaporation of the PMMA and formation of nanocarbons on 
CNT, the degradation stability of composites increased significantly.  
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Figure 4.2: (a): TGA plot of starting materials; (b) Thermal stability parameters: of pristine and 
fabricated composite in air atmosphere (heating rate: 10°C·min-1) (T0: 5% mass loss, T1: 10% mass 
loss, T2:30% mass loss and T3: 50% mass loss) 
4.3.2. PE based Composites 
4.3.2.1.Structural Properties of PE composites 
As described before[175], three different samples were fabricated including  ; (1) pure 
polyethylene sample without any filler. (2) Polyethylene based composites reinforced 
by pristine CNT and (3) polyethylene based composite reinforced by cheetah skin–
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CNT. The melt mixing process of fabrication of composites and pure PE samples was 
the same for all samples in terms of processing time, processing temperature, hot-press 
pressure, time and temperature. As is seen in figure 4.3, at fixed processing parameters, 
addition of CNT (pristine and cheetah skin) to polyethylene led to morphology change 
in HDPE. This change occurred because the thermal conductivity of the CNT based 
filler is much higher than that of the pure HDPE that it led to a dominant cold-weld 
mechanism during mixing. In both samples, due to low percentage of filler in 
composites, filler can act as a nucleating agent for crystalline structure. It is confirmed 
that most of the mechanical energy imparted to the powders during processing is 
transformed into heat that raises the temperature of the polyethylene[175]. The local 
temperature increase makes polyethylene powders soft and finally melts them all. As 
a second phase, CNTs could potentially  cause  a more uniform  heat distribution within  
matrix under the same processing conditions, the melted  zones in polyethylene/CNT 
composites is much larger than that of pure polyethylene. As shown in figures 4.3, no 
obvious large agglomerates were found in either nanocomposite, suggesting that the 
pristine CNTs and cheetah skin-CNT were well dispersed in HDPE matrix by the melt 
mixing process and that there is a good adhesion and interfacial bonding between filler 
and polymeric matrix.  Nevertheless, in composites containing cheetah skin CNT the 
degree of homogenous dispersion is much higher compared to pristine CNT/PE 
composite. The fracture mechanism of PE based composites is schematically showed 
in figure 4.3e.In CNT/HDPE composite, because of the poor interfacial bonding 
between the filler and the HDPE particles, the CNT/HDPE composite was more likely 
to poses defects at interfaces. When under tensile load, the defects transformed into 
macro- cracks. The HDPE particles debonded, because of poor load transfer, and the 
composite experienced only limited plastic deformation. 
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Figure 4.3: SEM imaging of M1 (a, b), PN1(c, d) and schematic of fracture mechanism of composites 
(e)  
In the cheetah skin CNT/HDPE composites, the CNT/CNP layers bonded closely and 
bridged the HDPE particles, and thus improved the interactions between the particles 
via the diffusion of polymer chains. The CNT/CNPs also improved the mechanical 
(a) 
(d) 
(b) 
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strength of the polymer interfaces. Hence, the synergetic effects of the HDPE and the 
CNT/CNPs led to remarkable improvements in ductility and toughness. Specifically, 
during the tensile or impact loading, the CNT/HDPE layers experienced considerable 
plastic deformation, leading to the occurrence of fibrillation[162]. 
4.3.3. Thermomechanical analysis 
4.3.3.1.Nonisothermal decomposition behaviour 
The effect of adding pristine CNT and cheetah skin CNT on thermal stability of PE 
based composite revealed by TG profiles are shown in figure 4.4. It is seen that the 
degradation pattern for composites containing various amount of filler are completely 
different. Normally, the degradation mechanism of PE based materials begins at weak 
link zones along the polymer chains once the thermally induced scissoring occurred 
[80]. The addition of carbon-based filler to the HDPE significantly improves the 
thermo-oxidative stability of the composite due to the good inherent thermal stability 
of the CNTs. It is generally known that carbon nanotubes possess outstanding thermal 
conductivity that causes improvement in the thermal stability of the HDPE based 
composite. The stabilization impact of CNT was explained by the barrier effect of the 
nanotubes which hinder the diffusion of the degradation products from the bulk to the 
gas phase[80]. The improved thermal stability of pristine CNT/HDPE and cheetah skin 
CNT/HDPE compared to pure HDPE is likely the result of adsorption by surface of 
nanotubes of free radicals generated during the composite degradation. The obtained 
results showed that the presence of pristine CNT and cheetah skin CNT affects the 
thermo-oxidative stability of composites. The DTG profiles presented in figures 4.5 
and 4.6 suggest complex reaction occurred for different composites due to existences 
of different kind of filler at different percentages. 
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Figure 4.4: TG curves for PE composites: (a) PE/pure CNT and (b) PE/Cheetah skin CNT (Heating 
rate: 10°C/min in air atmosphere) 
 
As it clearly seen, the peak of DTG profiles for pure HDPE occurred at 380°C and the 
main peak of composites containing of 2% pristine and cheetah skin CNT were 425 
and 430°C, respectively. Due to formation of different interfacial bonding between 
filler and matrix that resulted in complex decomposition behaviour, second major peak 
(b) 
(a) 
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can be traced in most composites. It is obvious that by increasing the amount of filler 
in both composites, the major degradation peaks shifted to higher temperature due to 
the higher presence of CNT resulting in further improvement in thermal stability of 
the HDPE based composite. It is anticipated that by increasing  filler content in 
polymer  matrix, the big shift in thermal stability of HDPE/CNT composite occurs 
[173]. The presence of cheetah skin CNT led to further enhancement of thermal 
stability of the pure HDPE compared to pristine CNT.  
 
 
 
Figure 4.5: DTG and expanded DTG curves of PE-prisitne  CNT at a heating rate of 10°C/min in air 
 
 
 
Figure 4.6: DTG and expanded DTG curves of PE-Cheetah skin CNT at a heating rate of 10°C/min in 
air 
As shown in figure 4.6b, except sample containing 0.5% Cheetah skin CNT, all 
HDPE/cheetah skin CNT composites exhibited good stability until 400°C. In 
HDPE/pristine CNT composites (Figure 4.5b), beyond 350°C, all samples degraded 
sharply reaching to 20%for HDPE-0.1% CNT. The obtained results showed that the 
mass loss pattern of HDPE based composites reinforced by pristine and periodically 
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patterned CNT change with the filler loading and surface modification on filler. Under 
heating from room temperature to 300°C, the degradation pattern of all samples are 
nearly the same. At higher temperature, the decomposition rate of pure PE firstly 
changed at 315°C followed by M0.1 and M0.5. In case of M2 and PN2, the degradation 
resistance is significantly improved as seen from the gentle slope of decomposition 
rate, which is prolonged until 400°C. 
 
Figure 4.7: Typical decomposition pattern for HDPE 
A typical decomposition curve containing of demarcated temperatures, To, T1, T2, and 
T3, is shown in Figure 4.7. Demarcated temperatures for pure HDPE and pristine 
CNT/HDPE and cheetah skin CNT/HDPE nanocomposites are reported in Figure 4.8. 
Addition of pristine CNT and cheetah skin CNT had a significant influence on the 
thermal stability of HDPE. The oxidation temperatures, T0 (Figure. 4.8a), calculated 
for the HDPE based nanocomposites increased with increasing concentration of filler, 
being significantly higher than that of pure HDPE at all the concentrations. The linear 
T
0
 
T1 
T
2
 T
3
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weight loss stage, T1 (Figure. 4.8b), experienced a slight increase due to the addition 
of CNT based filler. An increase at the end of the linear weight loss, T2 (Figure. 4.8c), 
compared with pure HDPE was found for the HDPE based nanocomposites for all the 
percentages, being more noticeable with increase in  filler loading. A similar trend was 
found for the temperature of complete volatilisation, T3 (Figure. 4.8d), which 
experienced an increase compared to that of pure HDPE due to the addition of CNT 
based filler [55]. It can be clearly seen that the addition of cheetah skin CNT had more 
significant effect on improving the thermal stability of HDPE when compared to pure 
CNT (Compare figure 4.8a, b,c and d for HDPE/pristine CNT and HDPE/Cheetah skin 
CNT) .  
 
(a) 
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Figure 4.8: Thermal stability parameters: (a): T0, (b): T1, (c): T2 and (d): T3 of HDPE based 
composites 
  
 
(b) 
(c) 
(d) 
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4.3.3.2.Isothermal decomposition Behaviour 
Analyses of isothermal decomposition is also necessary to get a complete overview of 
the kinetics of thermo-oxidative degradation process.(Figure. 4.9) The mass losses of 
the pure HDPE and its composites were isothermally investigated in air atmosphere at 
four decomposition temperatures (300, 320, 340 and 360 °C). The shapes of isothermal 
graphs for both PE/CNT and PE/Cheetah skin CNT strongly depend on temperatures 
and fillers [80]. (The details of isothermal decomposition of HDPE composites are 
presented in Table 4.2) 
Table 4.2: Isothermal decomposition of HDPE based composites in air atmosphere 
 
 
It is observed that after around 20 minutes for all samples, the pure HDPE exhibited 
very sharp decomposition behaviour that continues to the end of decomposition (See 
figures 4.9a and 4.9b). In case of M2 and PN2, after initial decomposition that remain 
until around 40 minutes, the composites possess highest stability among all samples 
and showed a steady state pattern until the end of decomposition process (See figures 
4.9c to 4.9h). All other composites showed a combinational degradation pattern 
between two ultimate pure HDPE and composites with 2% filler (PN2 and M2).  
Sample 
300°C 320°C 340°C 360°C 
tmax 
(min) 
(dα/dt)max 
(%min-1) 
tmax 
(min) 
(dα/dt)max 
(%min-1) 
tmax 
(min) 
(dα/dt)max 
(%min-1) 
tmax 
(min) 
(dα/dt)max 
(%min-1) 
Pure PE 14.3 0.59 13.9 0.62 15.89 1.44 23.7 3.9 
M0.1 11.4 0.46 15.4 0.81 14.34 1.15 25.19 4.1 
M0.5 13.4 0.74 15.0 0.69 14.15 1.10 23.64 4.03 
M1 14.4 0.65 15.3 0.69 15.41 0.95 25.87 1.8 
M2 14.6 0.72 13.5 0.89 15.99 0.90 17.44 1.4 
PN0.1 14.0 0.69 13.2 0.88 15.70 1.13 19.01 2.36 
PN0.5 14.6 0.68 15.2 0.81 15.3 1.2 23.15 3.8 
PN1 13.8 0.52 14.7 0.83 16.47 1.18 18.02 1.70 
PN2 14.5 0.57 14.1 0.76 15.01 1.2 19 1.01 
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Figure 4.9: Isothermal TG curves of PE-pristine CNT and PE-Cheetah skin CNT at (a,b): 300° 
C,(c,d): 320° C (e,f): 340° C and  (g,h): 360° C.  
The amounts of char residue for all composites showed in figure 4.10. It is observed 
that increase in isothermal decomposition temperature causes decrease in char residue 
in all samples as expected. It can be clearly seen that only 30% of pure HDPE remained 
after degradation process at 360°C, however the char yield was 65 and 75% for M2 
and PN2 samples, respectively. It is obvious that by increasing the content of filler in 
HDPE based composite, the decomposition stability of composites improved 
(a) 
(d) 
(f) 
(c) 
(h) (g) 
 
(e) 
(b) 
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significantly. In addition, the improving effect of adding cheetah skin CNT compared 
to pristine CNT in HDPE based composite can be explained by better interfacial 
bonding of filler/matrix in HDPE/cheetah skin CNT due to morphological structure of 
cheetah skin CNT.  
 
 
Figure 4.10: Char Yield of PE based composites reinforced by: ( a) pristine CNT and (b) cheetah skin 
CNT. (Char yield is determined after heating for 100min) 
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It is noted that addition of only 0.5% cheetah skin CNT into HDPE can make a 
significant improvement in thermal stability of composites when compared to pristine 
CNT. In case of degradation pattern of composites in 360°C, the char yield of samples 
containing 0.5 % filler, PN0.5 showing 58% char yield compared to 40% for M2. 
4.3.3.3. Evaluation of activation energy for thermo-oxidative degradation 
4.3.3.3.1. Nonisothermal activation energy 
In general, thermal decomposition patterns of polymers consist of multiple steps 
showing different mechanism and activation energies. Every steps can contribute to 
the overall decomposition rate changes with temperature. It is believed that analysing 
the decomposition mechanism of the polymer useable for model fitting cannot be 
performed with only calculating activation energy from thermal analysis data.  
 
 
 
Figure 4.11: Nonisothermal TG graphs at heating rates: 5,10,15 and 20°C for (a): PE-0.5%pristine 
CNT and (b): PE-0.5% cheetah skin CNT 
 
A model free namely Flynn–Wall–Ozawa (F–W–O) method approach is widely used 
for kinetic analysis purposes for evaluation of thermal stability of the PE composites 
(a) 
(b) 
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under Nonisothermal condition. F–W–O is a relatively simple method which allows 
the evaluation of kinetic parameters without choosing the reaction model. The 
activation energy of decomposition can be directly determined from mass loss versus 
temperature data obtained at several heating rates. 
This method is defined by the eq.4.1: 
lnβ = [
𝐴𝐸𝑎
𝑅𝑔(𝛼)
] − 5.3305 − 1.0516
𝐸𝑎
𝑅𝑇
    (4.1) 
Where β is the heating rate in °C/min, A is a pre-exponential factor, Eα is an activation 
energy (Kj/mol), T is an absolute temperature (K), R is an universal gas constant 
(J/kmol) and g (α) is an integral reaction type of kinetic function. 
Figure 4.11 represents the effect of heating rates on TG pattern. The isoconversional 
plots as a function of mass loss using F–W–O method for different samples is 
presented in Figure 4.12. The shift of the TG graphs to the higher temperature with 
increasing heating rate can be related to the short time required for a composite to 
reach a given temperature at the high heating rate[80]. At constant α, the slope of plot 
ln β vs. 1/T, obtained from plots recorded at several heating rates can be used to 
evaluate the activation energy. 
It is obvious that the activation energy value of each composite significantly increases 
with mass loss, showing that the degradation mechanism depends on the mass loss. 
For both PE-0.5% pristine CNT and PE-0.5% cheetah skin CNT the highest value of 
Eα reported at 5% mass loss.  
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Figure 4.12: Nonisothermal patterns at different mass losses using F–W–O method for  (a): PE-
0.5%pristine CNT and (b): PE-0.5% cheetah skin CNT. 
It is clearly seen that the activation energy of PE/Pristine CNT and PE/Cheetah skin 
CNT mostly increases with mass loss, confirming that the degradation mechanism 
changes with the mass loss. As shown in Table 4.3, The PE/Cheetah skin CNT exhibits 
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higher thermo-oxidative stability compared to PE/Pristine CNT under heating at all 
heating rates. 
 
Table 4.3: Nonisothermal activation energy (Ea) of PE/Cheetah skin CNT and PE/Pristine CNT in air 
calculated using Flynn–Wall–Ozawa method 
 Ea(kJ/mol) 
Mass 
Loss 
(%) 
Pure 
PE 
M0.1 M0.5 M1 M2 PN0.1 PN0.5 PN1 PN2 
1 80.95 82.9 85.27 119.72 130.39 82.90 90.88 121.93 126.13 
2 86.75 83.1 87.65 125.73 136.82 91.83 101.95 131.44 144.58 
3 89.15 85.6 91.84 135.08 142.76 103.4 102.67 152.43 149.25 
4 92.35 93.5 97.55 132.95 156.77 101.9 112.35 163.11 182.82 
5 94.95 95.1 101.83 142.60 169.8 113.07 113.25 180.69 203.49 
Average 88.83 88.04 92.88 131.21 147.3 98.62 104.22 149.92 161.25 
 
 
4.3.3.3.2. Isothermal activation energy 
The rate of decomposition can be described by following equation: 
𝑑∝
𝑑𝑡
= 𝑘(𝑇)𝑓(∝)                                                             (4.2) 
where k(T) is the reaction rate constant and f(a) is a conversion function. According 
to Arrhenius equation, 𝑘(𝑇) = 𝐴𝑒
−𝐸𝑎
𝑅𝑇⁄  the equation 4.2 becomes: 
𝑑∝
𝑑𝑡
= 𝑓(∝)𝐴𝑒
−𝐸𝑎
𝑅𝑇⁄       (4.3) 
After integration of equation 4.3, the integral type of kinetic function, g(∝) is here: 
𝑔(∝) =  𝐴𝑒
−𝐸𝑎
𝑅𝑇⁄ 𝑡       (4.4) 
Where t is a degradation time. The natural logarithm of equation 4.4 simplified to: 
𝑙𝑛𝑡 = ln 𝑔(∝) − 𝑙𝑛𝐴 +
𝐸𝑎
𝑅𝑇
     (4.5) 
The equation 4.5 is called standard isoconversional method[80]. The slope of graph 
lnt versus 1/T can be used for calculation of Ea. Figure 4.13 represents the 
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isoconversional patterns of HDPE based composites in air using standard 
isoconversional method.  
 
 
 
Figure 4.13: isoconversional patterns at different mass losses of PE/Pristine CNT(a) and PE/Cheetah 
skin CNT(b) in air using standard isoconversional method 
The calculated Ea for different samples are listed in Table 4.4. The results of Ea 
evaluation from isothermal investigation show the similar trend as those from the 
nonisothermal one. However, the calculated Ea values are much lower under 
isothermal test than the one under non-isothermal test. It is obvious that the activation 
(a) 
(b) 
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energy for HDPE/Cheetah skin CNT are much higher than HDPE/Pristine CNT in a 
constant mass loss that can be attributed to the better interfacial bonding between 
cheetah skin CNT and matrix compared to prisitne CNT due to smoothness of 
nanotubes. 
Table 4.4: Isothermal activation energy (Ea) of PE/Cheetah skin CNT and PE/Pristine CNT in air 
calculated using standard isoconversional method 
Mass Loss (%) 
  Ea (kJ mol-1) 
PE-0.5% Cheetah skin 
CNT 
PE-0.5% Pristine CNT 
1 17.04 8.01 
2 18.29 12.55 
3 20.61 14.30 
4 25.19 21.28 
5 35.16 22.86 
Average 23.26 15.82 
 
 
4.3.4. DMA analysis 
The viscoelastic behaviour of HDPE and its composites is strongly influenced by 
variables that affect the crystalline regions, such as crystallinity, lamellar thickness, 
and the interfacial bonding [185] . Plots of the storage modulus(E’),loss modulus (E’’), 
and loss tangent (tan δ) as a function of temperature at 3 Hz for different HDPE/pristine 
CNT and HDPE/Cheetah skin CNT are shown in Figures 4.14 to 4.17. There is a 
significant devaluation of the storage modulus (E’) with rise of temperature [53] due 
to the softening occurred for polymers at higher temperature.  PE-Cheetah skin CNT 
and PE-Pristine CNT exhibits a higher storage modulus than pure HDPE that can be 
attributed to change in crystallinity of the samples and reinforcing effect of the filler. 
In case of change in storage modulus for composites, HDPE-Cheetah skin CNT shows 
higher storage modulus when compared to HDPE-pristine CNT due to strong yet 
effective interfacial bonding with matrix 
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Figure 4.14: Storage modulus of HDPE based Composites 
 
 
Figure 4.15: Storage modulus of HDPE based composites versus filler content (Temperature: 0°C) 
 
For both composites, the differences between the various moduli became minimal 
above 0 °C. Figure 4.16 depicts loss tangent data from dynamic mechanical 
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experiments for pure HDPE and HDPE based composites reinforced with pristine CNT 
and cheetah skin CNT.  
 
 
Figure 4.16: Variation of the loss tangent (tan d) with temperature for HDPE based composites 
Tan δ as a damping factor, is plotted as a function of temperature at 1 Hz.  It is observed 
that the most of the composites shows higher values of tan δ than pure HDPE except 
HDPE-0.1% filler that shows lower value in both graphs. The storage and loss moduli 
of the HDPE/pristine CNT and HDPE/Cheetah skin CNT nanocomposite were higher 
than those of pure HDPE. It is believed that the higher storage modulus of a 
nanocomposites can be related to the role of fillers providing interlocking effect of the 
macromolecular chains at the interface greatly limiting molecular motion [186] .  
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Figure 4.17: Variation of the Loss modulus with temperature for HDPE based composites 
As a result of these changes, the storage modulus of the interface is higher than that of 
the free part. In fact, by using DMA test, it was found that pristine CNT and Cheetah 
skin CNT greatly improve the storage modulus and loss modulus behaviour of the 
composites at lower temperatures. The  effect of Cheetah skin CNT on providing a 
strong interfacial bonding with HDPE compared to pristine CNT/HDPE composites 
causes a higher thermomechanical performance of the HDPE/Cheetah skin CNT at all 
temperatures (Figure 4.17). 
4.3.5. DSC 
4.3.5.1.Change in Crystallinity of HDPE based composite 
The crystallinity of the PE based composites were calculated using the DSC standard 
data analysis software based on 290J/g for a 100% crystalline high-density 
polyethylene. The DSC melting and crystallization graphs of HDPE and 
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HDPE/pristine CNT and HDPE/cheetah skin CNT composites are presented in figure 
4.18, 4.19. 
 
Figure 4.117: Crystallization (a) and Melting (b) pattern of PE/pristine CNT composite 
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Figure 4.118: Crystallization (a) and Melting (b) pattern of PE/cheetah skin CNT composite 
 
 The crystalline content (Fc) of the composites was calculated using the following 
equation: (4.6) 
Fc =
∆𝐻𝑚
∆𝐻0×𝑓𝑐
× 100       (4.6) 
 
Where Hm is the enthalpy of fusion (J/g), 290 J/g is the theoretical enthalpy of fusion 
for 100% pure crystalline HDPE and Fc is the weight fraction of the polymer. It can 
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be clearly seen that the melting temperature (Tm) was not affected significantly by the 
addition of carbon nanotubes or cheetah skin CNT into HDPE. However, 
crystallization temperature (Tc) is slightly increased, since CNT acts as nucleating 
agent, accelerating the growth process of crystallites[175].  
Crystallization in polyethylene occurred over time while cooling down from the melt 
state. An initial induction time is required for the formation of spherulitic nuclei from 
the melt state. During primary crystallization spherulites, gradually shape and then the 
crystallization proceeds rapidly during which time the spherulites grow radially 
outward. Primary crystallization consisting of three main processes nucleation, crystal 
growth, and spherulitic organizing [51, 187]. Secondary crystallization happens when 
crystallization slows due to the spherulites/ spherulites imping at highest 
transformation yield. In secondary crystallization step, extra polymer chains may 
move onto existing crystals and change the crystallization rate at a much slower rate. 
Secondary crystallization is typically more pronounced at higher cooling rates as there 
may be inadequate time for complete spherulite development during the primary 
crystallization phase and therefore further crystallization is shifted to the secondary 
crystallization phase [51, 187].  
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Figure 4.20: Melting and crystallization changes of PE-Pristine samples 
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Figure 4.21: Melting and crystallization changes of PE-Cheetah skin CNT samples 
In case of HDPE/CNT composites, nanotubes can act as a crystallization propagator 
slightly increasing the crystalline content of the nanocomposite when compared to the 
pure polymer. The nucleation and growth of individual crystallites are so rapid that a 
very large number of crystallites are joined together thus; the large amount of heat is 
released during the crystallization of HDPE upon the addition of CNTs. It is observed 
that the crystallinity of composite increases considerably with the addition of CNTs, 
changing from 54% for pure HDPE to 60% and 59.3% for HDPE-2% pristine CNT 
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and HDPE-2% cheetah skin CNT respectively (Figures 4.20, 4.21). This further 
suggests that  CNT act as a nucleation site for the crystallization of HDPE polymer 
which is also supported by Coleman et al. reported findings[188] .  
A significant increase in crystallinity of HDPE suggests that CNT surface has a 
crystalline polymer coating with an average thickness that is constant for each 
nanotube, which shows that all samples used in this study have a similar polymer–
nanotube interface. Nanotubes not only nucleate polymer crystallization, but also can 
be used to propagate the crystallization as an effective template. This shows that 
nanotubes interact with a crystalline polymer surface at the interface. An ordered 
interface will result in a virtually complete polymer coating and thus the total polymer–
nanotube binding energy will be maximized which results in the maximization of 
interfacial stress transfer. Coleman et al. [188]suggested that the presence of interface 
crystallinity has a large bearing on the mechanical properties of nano-composites. It 
may be noted that a small difference in the measurement of reinforcement may be 
related to the presence of crystalline interface that indicates the possibility that stress 
transfer may be maximized by the presence of ordered interface as suggested by 
Frankland et al.[189]. They also suggested that load transfer and hence modulus of 
nanotube–polymer composites can be effectively increased by deliberately adding 
chemical bonding between nanotube and polymer during processing which is in part 
responsible for the enhanced stress transfer.  
 
4.4.Summary 
In the present study, a periodical patterning of CNT has been carried out to alter the 
surface properties of CNT and overcome the van der walls interaction of nanotubes in 
HDPE matrix. Through coating of nanocarbon on surface of CNT cheetah skin 
CNT/HDPE composites showed higher thermal stability compared to HDPE/pristine 
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CNT. For the enhanced thermomechanical properties, it is believed that CNP on CNT 
structure is responsible. It can be related to higher thermal stability of CNT compared 
to PE and formation of CNP on CNT, cheetah skin CNT can work as a barrier to 
prevent agglomeration and work as a nucleation site for crystallization during the 
process and can enhance the physiochemical properties of the composites. The 
nucleating effect of filler in both composites are similar, but the effect of adding 
cheetah skin CNT and pristine CNT in preventing the agglomeration are so different 
that make a morphology change. To show the change of the stability of modified filler 
compared to pristine CNT, an easy approach could be dispersing the cheetah skin CNT 
and pure CNT in a solvent and compare their dispersibility. The 6month stability for 
cheetah and 60min for pure CNT apparently showed the big differences in stability 
and agglomeration-tendency for both fillers. This will provide further evidence for 
agglomeration tendency of the modified filler. .Also, The melting and crystallization 
behaviour of HDPE /Cheetah skin CNT and HDPE / pristine CNT are different due to 
the formation of nanocarbon on CNT in cheetah sample. It is confirmed that the 
thermo-oxidative stability of high-density PE by modified with cheetah skin CNTs 
under composite preparation. The well-dispersed cheetah skin CNT interacted with 
HDPE and can be helpful in achieving the better dispersion state of filler compared to 
CNTs. The improved dispersion of cheetah skin CNTs is expected to level up the 
thermo-oxidative stability of the composite materials. However, to improve the 
dispersion of CNTs, good interfacial bonding is required.  
HDPE based composite with higher filler load (2wt%) demonstrated enhanced  
thermomechanical properties including storage modulus as compared to composites 
containing lower filler loadings. The significant improvement in mechanical 
performance of HDPE/cheetah skin CNT composite is attributed to change in surface 
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morphology of the filler providing a good interfacial bonding with matrix which 
increases the load transfer- ability from matrix to CNT. 
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Chapter 5 
Concluding Remarks and Future Opportunities 
There are many opportunities to functionalize carbon nanotube to achieve improved 
mechanical and/or physical property for various applications. Among allpolymers for 
functionalization of CNT to enhance its surface property, PAN has gained increasing 
interest due to its excellent mechanical, structural and physical properties. In addition, 
PAN has a fairly high carbon yield and  is widely used as a precursor for carbon fiber 
production. By fabricating surface modified CNT through periodically patterning of 
PAN, covalent bonding between CNT and carbon nano-particles (originated from 
PAN) will be formed. Selective localization of CNT provide significant opportunity to 
use this novel filler for different applications such as  multi-functional polymer 
composites, high performance carbon fiber as well as composites for  medical 
applications. The main outcome  of this thesis is as follows: 
1. Surface modification of CNT was developed by introducing the carbon nano 
particles(CNPs) on the surface of CNT. The developed  novel structure  was 
entitled  as cheetah skin structure.  
2. The developed cheetah skin CNT was used to reinforce HDPE based composite 
which demonstrated  imoroved  mechanical performance (i.e higher E modulus 
and Tensile strength) compared to HDPE composite reinforced with Pristine CNT. 
This is due to the  better bonding of carbon nanotube with matrix and improve 
dispersion . 
3. Storage modulus and loss modulus of HDPE/cheetah skin CNT improved 
significantly at low temperatures even at a  very low content of cheetah skin CNT. 
Also, the thermal stability of the cheetah skin CNT/HDPE was found to be 
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significantly higher than that of pristine CNT/HDPE composite in both isothermal 
and non-isothermal degradation performed for composites. 
4. Nano-patterning can be considered as a non-covalent functionalization technique 
and carbon nanotube integrity remains unchanged during the polymerization. 
However, after carbonisation process, the bonding between CNT and CNP is 
covalent bonding.  
5. Carbon Nano-particles (CNPs) provide empty spaces, which resulted in preventing 
of agglomeration of CNTs in HDPE matrix. The average tube to tube distance can 
be controlled by the CNPs size and distance between them.  
6. The degree of functionalization through a change in CNP mean diameter and 
distance between them can be tuned by varying the processing parameters such as 
the shearing and sonication parameters, solution concentration, and heat treatment 
parameters time.  
7. The final morphology of developed carbon nanostrucure is periodic. Creation of 
functional ordered structures along 1D CNTs is a potential route for electrical and 
optical applications. Periodically patterning of carbon nanotubes is also extremely 
challenging task due to the small diameter of CNTs. Also, In this case, the size of 
the second phase (CNPs) is smaller than the diameter of the CNT. Compared to 
other existed periodical patterns such as  shish kebab, the formation of this 
structure may pose a higher challenge in terms of good dispersion of the particles 
in a solution. 
8. The CNPs formed by polymer chains can be simply end- or side-, functionalized. 
Through crystallisation, the functional groups tend to separate onto the surface of 
the polymer single crystals, which lead to the enrichment of the functional groups 
near or at the CNT surface.  
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9. During the formation of the CNT/CNP composites both graphitic and turbostratic 
graphitic structure can be developed at the very low carbonisation temperature i.e 
800-1200°C which is about 1000°C lower than the temperature required for the 
graphitic carbon fibre. The highly ordered graphitic structure is expected to 
enhance the electrical and thermal conductivity of the PAN/CNT compared to 
PAN fiber [139]. It has been proved that the thermal conductivity of the carbon 
fiber is related to the concentration of point defects consisting of the interstitial 
atoms, vacancies and impurities and also crystalline orientation. By increasing the 
carbonisation or graphitization temperature, the concentration of the point defects 
are reduced, which resulted in an increase in crystalline perfection and also 
improve in thermal conductivity. This phenomenon can be achieved by changing 
the temperature from 1500 to 2100°C to increase the thermal conductivity from 
20.2 to 69.3 W/m/K. However, by using CNT/PAN instead of the PAN-based 
carbon fibre, thermal conductivity was increased from12.6 to 18.6 W/m/K without 
any change in thermal treatment process [139]. 
10. Through functionalization of the surface modified CNT via pre-processing or post-
processing techniques, inclusion  f the  new phases to the system is achievable. 
This method can be used for drug delivery for tumour targeting where one of the 
most challenging issues in use of CNT is  the overdosing of the drug. 
11. There is an opportunity to use cheetah skin structure instead of pristine CNT as a 
filler for other thermoplastic and thermosetting polymers and resins such as Epoxy 
and UHMWPE to achieve multi-fuctional and high performance nanocomposites. 
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